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FOREWORD

The chapters in this volume continue the FACA study of cambustion principles
for aircraft propulsion. Information on the various aspects of cowmbustion perti-
nent to Jet englines is orgenized and interpreted in this study. The sources of in-
formation are quite extensive, particularly for baslic, or fundamental, subject
macter.

The rexort concerns air-breathing engines and hydrocarbon fuels, and not rocket
engines and high-energy fuels. Another limitation is that the references have been
selected to illustrate important polnts; thus the bibliogrephlies, while thorough,
are not complete. : ’

The previous chepters (Volume I - Basic Conslderations in the Combustion of
Hydrocarbon Fuels with Air, NACA RM E54IO'T) review such fundamental processes as
atomization and evaporation of fuel, flow and mixlng of gases, ignition and flam-
mebility, laminar and turbulent flames, flame stebilization, diffusion flames, os-
clllations in combustors, and smoke snd coke. The practical significence of each
of these processes to combustor design is briefly discussed therein.

The present chapters describe the observed performance and design problems of
engine combustors of the principal types. Included in the discussion sre combustor-
inlet conditions; starting, acceleration, cowbustion limlis, combustion efficlency,
cocke deposits, and smoke formation in turbojets; ram-jet performance; and after-
burner performance and design. An attempt 1s made to Interpret performance in terms
of the fundamental processes and theories reviewsd in volume T.

Volumes I and II provide the basls for future efforts to define combustor de-
slgn principles. Accordingly the studies in these volumes will be further inter-
preted in order to develop specific gulde lines for the deslign of high-speed com-
bustion systems. AL the seme time en attempt wlll be made to extend the existing
information to meet the conditlons ilmposed by future £light requirements.

W. T. Olson
Chief, Fuels and Combustion Research Division
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CHAPTER X
EFFECT OF ENGINE OPERATING VARTABLES ON COMBUSTOR-INIET PARAMETERS

By Wilfred E. Scull and Anthony W. Jones

INTRODUCTION

Studles of the fundamental processes of combustion are usually conceérned with
wide ranges of investligation of individual processes. In general, each fundamental
combustion process mey be studled in an environment that is most sulted to its evalu- ~
ation and possibly unrelated besglcally to any practical application. The majority of
the data presented in volume I of thlis serles concern the fundamental aspects of com-
bustion as functlons of the individual oeccurrence of varlous contributing processes.

In a Jjet engline, however, the various fundamental combustion processes msy occur
simultaneously and may interact. Furthermore, the engine environment usually does
not permit independent veriation of singie combustion parameters, since specified
operating conditions impose specific velues on the parameters. In volume II, data
are presented to show the effect of operating conditions on the over-all conbustion
process in different combustion components. To show the effect of operating condi-
tions, it is necessary to specify the range of these conditlons within which combus-

tion components may operate.

Therefore, thls chapter presents only the operating comditions that might be
required in the primary combustors and afterburners of btypileal current turbojet
engines. (Corresponding information on ram-Jet engines is presented in ch. XIV o)
This chapter is not intended to serve as an explanation of engine operation. The
operating conditions of the combustion components are presented in terms of total
pressures and temperatures at the primary-combustor and afterburner inlets, reference
velocities and outlet total temperatures of the primary combustors, and veloclties at
the plane of the flameholder in the afterburners. The dabe are presented to relate
the operating regions of typleal current turbojet combustion components to flight
altitudes, Mach numbers, and modes of engine operation. Specifically, data are pre-
sented for the combustlion paresmeters of the primary combustor and afterburmer of
three turbojet engines having rated compressor total-pressure ratios of 5, 8, snd 12
Under full-throttle conditions. Operational deta for the primary combustor also
include part-throttle operation at 70, 80, and 90 percent of rated engine speed and
windmilling operation. The range of flight conditions includes altltudes from sea
level to 65,000 feet and flight Mach nurnbers from zero to l.6.

SYMBOLS
A cross~sectional area
£ fuel-alr ratio
N engine rotational speed
P absolute pressure
T absolute temperature
v velocity
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W welght-flow rate

<} ratio of total pressure to NACA standard sea-level pressure

2] ratlio of total temperature to NACA stendard sea-level tempersture
p density

Subscripta:

A,B,C engine A, B, or C

a air

ab afterburner . _ o

c primary combustor — o T o
g aas

r reference

sls rated, sea-level static

t totel B
X engine X

2 compressor inlet

3 combustor inlet

4 turbine inlet

6 flameholder plane

GENERAT, ERGINE DATA
Engine Descriptions

All operating conditions presented hereln are theoretical. However, the condi-
tions are for three turbojet-engine designs choasen to cover representative current
combustion components and thelr operation. Baslc descriptive dmta for the three
engines are presented in iteble L. ’ -

Three engines having sea-level rmted compressor total-presgure ratios of S s B,
and 12 were considered. The combustor reference areas, that is, the maximum cross-
sectional ares of the combustor housing and the area of the afterburner housing at
the plane of the flameholders, correspond to the actual areas of current turbojlet
engines having approximately the same rated compressor total-pressure ratios. The

sea-level rated air flows of eech engine were chosen so that the reference velocities

of the primery combustors at rated conditions approximated the reference velocities
in & current engine of the type specified. Compressor operational characteristica

were extrgpolated from the compressor mesp of a current engine for engine A. For ean-
gines B and C, the compressor operational characteristics were extrapolated from the

performance map of a high-performance WACA compressor. The compressor maps of engines
A, B, and C are presented in figure 1. Moximum turbine-inlet totel temperatures were

specified to be 2060° R, a value which conforms closely to those used for current

‘ .
frge !

»
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engines. Turbine adlabatic efficiencies and combustor totael-pressure-loss ratlos
were actusl values for current turbojet engines approximated by the deslgn specifi-
cations. . Full-throttle operation was speclfied to be at a constent mechenical engine
speed. Part-throttle operation was determined at three percentages of rated engine
speed. The engines were considered to have varlsble-ares exhaust nozzles.

Engine Operation

Although the engines discussed hereln were primarlly intended for subsonic op-
eration, some date sre presented for the transonic and supersonie reglons to show the
ranges and trends of operating conditions at high Mach numbers.

A schemstlc dlagram of a typlcal turbojet engine together with the over-all
trends of pressures, temperatures, and velocitles of air and gases as they pass
through the engine is shown in figure 2. Al subsonlc flight speeds, ambient air
entering the engine is compressed adisbatically in the Inlet diffuser with e small
loss in total pressure. Further compression occurs as the air passes through the
engine compressor. Fuel 1s added to the compressed ailr and combustion occurs in the
primary combustor, wilth an accompanyling rise 1n totel and static temperatures and
gas velocltlies. A decrease in total and statlc pressure occurs because of the mo-
mentum change imparted to the gases by the addition of heat. The hot combusiion
gases expand through the turbine to lower pressures and temperatures. The turbine
removes only enough energy from the gases to operate the compressor and overcome any
mechanicel Ipefficlencles. The somewhat cooler, lower-pressure gases are expanded
to amblent pressure through the exhaust nozzle., The high-velocity geses leaving the
exhaust nozzle produce a Jjet thrust to propel the unit. AL supersonic flight speeds,
shock waves attend the compression process at or ahead of the englne inlet and in-
crease the total-pressure loss of the inlet diffuser. Otherwise, the process 1s the
same as for subsonic flight speeds.

In engines with afterburners, sdditionsl fuel is added to and burned with the
gases leaving the turbine. The temperature of the geses 1n the afterburner is ralsed
to & much higher average tempersture than would be allowsble in the primary combus-
tor, which must operate at temperatures l1imited by the stress requlrements of the
turbine. The additional momentum imparted to the gases in the afterburmer by the
addition of heat increases the veloclity of the gases expanding through the jet nozzle
end thus augments the thrust thaet a nonafterburning engine might develop. An after-
burner is usually operated only under full-throttle engine operating conditlons.

Primary-combustor operating conditions are deflpned as the combustor-inlet total
pressure snd temperature, reference velocity, and combustor-ocutlet total temperature.
From the preceding paragrephs, combustor-inlet total pressures and temperatures are
seen to depend primsrily on the £1light altitude and Mach nunber and on the opera-
tional characteristics of the diffuser and the compressor-turbine combinetion. Com-
bustor reference velocity is defined as

)
Ver= g a,c
’ c,rPa,t,3

where
Ac,r reference (maximum cross-sectlonal) area of primary-combustor housing

Vc r reference veloclty of primary combustor
Ed
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Vg o welght-flow rate of air through primexry combustor
s _
o combustor-inlet total alr density
a,t,3

This parameter is & function of these same variebles end the combustor-housing maxi-
mum cross-sectlonel area. The maximum combustor-outlet total temperasture {or turbine-
inlet totel temperature) depends primarily on the design and materisl of the turbine.
Afterburner-inlet total pressures and temperatures are functions of the same variables
ag the combustor-inlet conditlions, with additional dependence on the design and op-
erating characteristices of the combustor, turbine, and afterburner-inlet diffuser.
Afterburner gas veloclty 1s defined as

_ Ya,c (L+¢ o+ T

Asb,6Pg,6

ab)

Va.b,g

where

Aab,e crose-sgectional area enclosed by afterburner housing at flameholder plane

Tab fuel-air ratic in afterburner

L fuel-air ratio in primery combustor

Va‘b, g afterburner gas veloclity

p welght per unit volume of gases st plane of flameholder in afterburmer .

8,6
This parsmeter is a functlion of the same variables together with the cross-sectional
area enclosed by the afterburner housing at the plane of the flsmeholders.

In this chapter, the primary-combustor operatling parameters were determined for
full-throttle, part-throttle, and engine windmilling operation. Idling operation of
the englne was not considered. Afterburner operating conditions were determined for
full-throttle engine operatlon and are discussed separetely.

OPERATING CONDITIONS : -
Primexry Combustoxr

Full throttle. - The calculstions of full-throttle operation of all engines
were based on & constant mechanical engine speed, maximm turbine-inlet total tem-
perature (combustor-ocutlet total tempera.tur:? of 2060° R, and use of verisble-srea
exhaust nozzles to maintein choked flow through the turbine nozzles {ref. 1).

Combustor-iniet total pressure and total temperabture and reference veloclty for
engine A over a range of £light altitudes and Mach numbers are presented in figure 3.
All parameters increase as the Mach numnber increases at any flight altitude; the In-
cresse becoming greater as the Flight Mach number increasses. Combustor-inlet total
pressures decreasse with increases in altltude at any flight Mach nurber.

At any flight Mach number, combustor-inlet totel temperatures and reference
velocities decrease as the altitude increases to the tropopause {36,089 £i) and
remaln constant at higher altitudes if Reynolds mumber effects are neglected. High-
altitude operatlon at low Reynolds nunbers generally results in decreased component
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efficiencies in a turbojet engine. The alr flow is generally reduced, whereas the
temperature ratio across the compressor is usually increased. The trend of the pres-
sure ratio across the compressor cannot be predicted accurately, and therefore, the
effect of this type of operation on the reference veloclty cannot be predicted with
certainty either.

Shown in figure 4 are combustor-inlet total pressure and total temperature and
reference velocity for engine B over a range of sltitudes and fllight speeds. The
trends of the combustion parameters are silmillar to those of engine A; however, the
absolute values at any Mach mumber and altitude are quite different. 8ince engine B
is a er-pressure-ratio engine than A, the inlet total pressures of engine B
(fig. 4(a)) are higher than those of engine A (fig. 3{a)). For the same reason, the
inlet total temperatures of engine B (fig. 4(b)) are higher than those of engine A
(fig. 3(b)) at any specific operating point. The combustor reference velocities of
engine B (fig. 4(c)), bowever, are less than those of engine & (fig. 3(c)), primerily
because the increase in pressure 1s greater than the increase in temperature at any
particular operating condition.

The combustor parameters inlet total pressure, inlet total temperature, and
reference veloclty for engine C over a range of flight altitudes and Mach numbers
are shown In figure 5. The trends of the combustion parameters for engine C are
gimilar to those of englnes A and B. Since englne C has the highest compressor
totel-pressure ratio, both the combustor-inlet total pressure (fig. 5(a)) and total
temperature (fig. 5(b)) at any operating point ere higher than the same parameters
for elther engine A or B. The combustor reference velocity for engine C is lower
then that of either A or B at any flight speed and sltitude operating condition.

With the assumptions that the mexdimum combustor-outlet total temperature and
combustor air loading (1b of air/(sec)(sq £t of combustor reference area)) do not
vary greatly, that the Reynolds number effect is neglected, and that the engine is
operated at a constant mechanical speed, the following generalizations are made:

(1) Combustor-inlet total pressure and total temperasture and combusior reference
veloclity increase with flight Mach number at any altitude.

(2) Combustor-inlet total pressure decreases with increasing altitude, whereas
inlet total temperature and velocity decrease with increasing altitude to the tropo-
pause and then remain constant in the stratosphere at a given flight Mech number.

(3) The gbsolute values of combustor-inlet total pressure and total temperature
incresse as the compressor total-presgure ratio increases at sny f1light speed and
altitude. ' ) .

(4) The sbsolute values of combustor reference velocity decrease as the com-
pressor total-pressure ratio is incressed st any flight speed and sltitude.

Part throttle. - In general, part-throttle operation of a turbojet engine is
desirable in order that the engine mey operate with either minimum specific fuel
consumption or meximmm thrust. In & turbojet engine having a flxed-ares exhaust
nozzle, part-throttle operation is controlled by verying the fuel Fflow and thus the
engine speed. At a given flight Mach number, only one operating point 1s possible
for e glven engine speed. :

Operation at this point mey not result in the minimum specific fuel consumption
that might be obtalned if turbine-Inlet total temperature could be varled. For an
engine having a varigble-ares exhaust nozzle, operation is theoretically possible at
an Infinite number of points for & glven engine speed and flight Mach number, by
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variation in turbine-inlet total temperature end also in exhaust-nozzle area. Opera-
tion at various engine speeds at & given flight Mach number and altitude thus results
in a family of curves for specific fuel consumption that are functions of englne
thrust and turbine-inlet temperature. Each of these curves has & point of miniwmum
specific fuel consumption. In general, it is usual to construet a curve tangent to
this family of curves. The tangent curve represents a controlled operational curve,
which will result in minimum specific_fuel consumption for a given englne thrust at
eny engine mechanical speed.

The part-throttle data included in this discussicn are calculated for engines
having varisble-area exhsust nozzles. The data are presented for engline mechanical
speeds that are 70, 80, and 90 percent of rated mechanical speed and for operstion
at flight Mach numbers from 0.5 to 1.0 in the stratosphere. Not much value should
be essigned to operation at 70 percent of rated engine speed. In all the engines,
the most efficient operstion at thls speed occurred near the compressor-surge region,
and it is doubtful whether operation would be desireble or possible for long periods
of time under such conditions. In addition, engine thrusts were #o low that the net
effect would probably be little more than that of engine idling. Data for operation
a8t 100 percent of reted speed included on some of the Ffigures are for operation at
the Ilimiting turbine-inlet total temperature of 2080° R. Operation is possible at
100 percent of rated speed and lower turbine-inlet temperatures by varying exhaust-
nozzle area. However, such op_era.tion_ usually results in lower éigine thrusts. The
date are presented in terms of combustor-inlet total pressures and temperatures,
combustor-outlet total temperatures, and combustor reference velocitles.

Combustor-inlet total pressures for part-throttle operation of engines A, B, and
C are presented in figure 6. For each engine, inlet total pressures incressed with
incresasing flight Mach number and decreased with increasing £light eltitudes and
decresasing percentages of rated engine speed. Among the three engines considered, at
any f£light Mach npumber, flight altitude, and percent of rated engine speed, inlet
total pressures varied in the order of the compressor total-pressure ratios.

Combustor~inlet total temperatures are presented in figure 7(a). At all alti-
tudes ahove the tropopasuse, combustor-inlet total temperatures are a function only
of £light Mech number and compressor operating characteristics. Thus, data of fig-
ure 7(a) apply at all eltitudes above the tropopause. Combustor-inlet total tempér-
atures incresse with lncreasing flight Mach number and lncreasing percentages of
rated engine speed; combustor-lnlet total temperatures vary in the same order as do
the rated compressor total-pressure ratios.

Combustor-outlet total temperatures or turbline-inlet total temperatures reguired
Por operation at three pert-throttle conditions are presented in figure 7(b). Part-
throttle turbine-inlet tatal temperatures more than any other combustor parameter
are a function of the particular engine under consideraetion and lts particular com-
pressor, combustor, and turbine operating cheracteristice. For this reason, the
turbine-inlet total temperatures of figure 7(b) exhibit no definite trends due to
flightMach number or compresscr total-pressure ratio. However, for a particular
engine, turbine-inlet total temperatures do increase with increaaing percentages of
rated engine speed. o .

Combustor reference velocitlies for engines A, B, and C durlng stratospheric
part-throttle operation are presented in figure 7(c). In part-throttle operation as
in full-throttle operation, ‘'reference velocities increase with increasing flight Mach
number, snd at a glven flight Msch number, decrease with increasing compressor pres-
sure ratic. For all engines, the reference velocltles at 100 percent rated speed
were lesg than or equal to the velocities at 80 or 90 percent of rated engine speed.
This effect 1s due to cperation at 100 percent rated speed at the limlting turbine-
inlet total temperature, which is not the point of minimum specific fuel consumption
but is the maximum-thrust condition. Operation at the point of minimm specific fuel
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consumption corresponding to 100 percent rated engine speed at any flight Mach num-
ber would result in e lower temperature ratio between the turblne inlet and compres-
sor inlet then would be required at the maximum-thrust condition. The lower temper-
ature ratio would result in a reduced compressor pressure ratlo with acecompanying
decreased combustor-inlet total pressures and temperatures. Since the alr flow re-
mains practically constant and the change in pressure across the compressor is
greater than the change in tempergsture, the combustor reference velocity would
increase. : -

Windmilling. - The windmilling characteristics of turbojet englnes are lmportant
in the study of turbojet primary combustors because the ignition or relighting of
combustors at any flight condlition depends on the combustor parameters of inlet total
pressure and temperature and reference veloclty (ref. 2)}. TFew data exlsgt to establish
conmbustor operating conditions durlng engine windmilling. A simple method of deter-
minetion 1s to assume that the combustor-inlet total pressure ls equsal to the ambient
pressure at altitude plus any isentroplc rem-preassure rise and minus any engine-Inlet-
diffuser total-pressure losses. Combustor-inlet total temperstbures are assumed equal
to ambient tempersture at altitude plus eny lsentropic ram-temperature rise. A bet-
ter method for determining englne windmillling cheracteristics 1ls reported in refer-
ence 3. Corrected windmilling engine speede, equlvalent air flows through the en-
gines, and corrected total-pressure losses from the compressor inlet to the turbine
ex1t were each generslized for a serles of several engines Into single curves that
were functions of flight Mach number. The total-pressure loss through the engine
was equal to the sum of the totel-pressure changes through the compressor, combustor,
and turbine. Thus, although the total-pressure losses for several different englnes
generalized into a single curve as a function of flight Mech number, the component
pressure changes for individual engines were gulbte different. The windmilling totel-
pressure losses for the combustors and turbines of the various englnes increased with
inereesing £1light Mach number. Total-pressure losses through the compressor increased
%0 a maximum with £1ight Mach number and then decresassed, untll at a glven £1ight
speed, the windmilling pressure change through the compressor hecame positive. That
1s, the pressure began to rise through the compressor. This rise lsg explained by the
fact that the engine windmilling speed increases with lncreasing f£flight Mach nunmber,
end the turbine operates closer to its deslgn speed. Eventually, at a perticuler
engine windmilling speed, the turblne work becomes greater than necessary to offset
compressor losses, wilth a resultant rise in total pressure through the compressor.
For the particular engines discussed in reference 3, enough data are presented to
calculate combustor-inlet total pressures.

No date are reported in reference 3 on temperature variation during windmilling.
However, reference 4 includes some datas for varlation of pressures, temperatures, and
velocitles in a windmilling 4.7-pressure-ratio engine at simulated Mach numbers of
0.25 to 0.85 and at altitudes of 20,000 to 40,000 feet., The totel-temperature change
across the compressor at low flight Mach numbers was practically zero, ard in some
cases, a slight total-temperature decrease was shown. )

For englnes A, B, and C, the corrected windmilling air flow, the total-pressure
drop across the engine, and the corrected windmilling engine speed were determined
from reference 3. Windmilling total-pressure losses through the combustors end tur-
bines of engines A, B, and C were calculated by determining the total-pressure losses
at sea-level rated conditions end assuming that the windmilling total-pressure losses
varied in the same manner with flight speed as the pressure losses of the engine com-
ponents of reference 3. However, it was necessary to correct the turbine total-
pressure losses because of differences In turbine-blade lengths and tip diameters,
in windmilling speeds, and in the nunmber of stages wilth quantities simllar to those
of the engines of reference 3. ' These corrections were made a8 shown in reference 5.
From these data, the compressor total-pressure changes during windmilling of engines
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A, B, and C were calculated at various flight speeds. Combustor-inlet total pressures
were then determined by correcting the ambient pressure at altitude for the effects
of flight Mach number and engi:ae -inlet diffuser and for the total-pressure change
through the compressor.

Combustor-inlet total temperatures during windmilling of engines A, B, and C
were calculated by assuming that the inlet total temperatures varied in the same
menner with albitude end £light Mach number at all windmilling speeds at which a
compresgsor total-pressure drop existed as did the combustor-inlet total temperatures
of reference 4., At all flight Mach numbers at which s windmilling totel-pressure
rise occurred in the compressor, the combustor-inlet total temperature was calculated
from the isentropic pressure-temperature relstlon. These values of inlet toltal tem-
perature thus represent minimum values.

Windmilling combustor parameters of engine A are presented in figure 8.
Combustor-inlet total pressures increase with increasing flight Mach number and de-
crease with increasing altltude. Combustor-inlet total temperetures and reference
velocltlies increase wlth £light Mach number and decrease wilth Increasing altitude up
to the tropopause, gbove which the temperatures and velocities remain constant at a
given fligbt Mach number. Windmilling combustor reference velocities become quite
large at high flight Mach numbers. This effect reflects the relatively large wind-
milling air flows and small compressor pressure changes.

Combustor operational parameters for engines B and C are presented in figures
9 and 10. These figures show the same effect of flight speed and sltitude on the com-
bustor parameters as does figure 8. A comparison of combustor operational parameters
of englines A, B, and C at a given flight Mach nunber and altitude shows, in general,
thet highest and lowest combustor-inlet total pressures and temperstures were found
with engines C and B, respectively, while reference velocltles were highest and lowest
with engines A and B, respectively. These effects are essentially due to the wind-
milling pressure-change characteristics of the compressor and the ratios of combustor
reference and compressor frontal areas of the individuel engines.

Af{erburner

As stated previously, the afferburner on a turbojet engine ordinarily operates
only during full-throttle engine operation. The data on afterburners discussed
herein were calculated for the same full-throttle f£light conditions as those for the
previocusly discuesed primery combustors. The afterburner operating conditions that
are primerily of Interest are the afterburner-inlet total pressure, temperature, and
velocity. The afterburner-iniet total pressures were calculated by essuming that &
S-percent total-pressure loss occurred in the afterburner-inlet diffuser between the
turbine exit and the afterburner flameholder. Afterburner-inlet total temperatures
were equal to turbine-ocutlet total temperatures. The afterhurner velocitles were
calculated from the gas flow through the afterburner, the gas density, and the maxi-
mum cross-sectional ares of the afterburner housing at the plane of the flameholders.

Afterburner-inlet total pressures, temperatures, and velocities for engine A
are presented in figure 11. The general shape of the sfterburner-inlet total-
pressure curves is much the same as that of the primery-combustor-inlet total pres-
pures. Afterburner-inlet total pressures increase wlth Increasing flight Mach number
and decressing altitudes. Afterburner-inlet total temperatures increage with in-
creasing altitudes up to the tropopause, gbove which the inlet total temperatures
remain constant. Afterburner-inlet total temperatures in general decrease with in-
creasing Mach number. Afterburner veleccities in general decrease with increasing
altitude up to the tropopause, above which the velocities remain constant for a given
flight speed. At high £light Mach numbers, however, the effect of operating char-
acteristlcs of the compressor, combustor, and turbine become apparent I1n the varia-
tion of afterburner-inlet total temperature and veloclty.

3699,
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Similar data for engines B and C are presented in figures 12 end 13. In a com-
parison emong the three engines,' highest and lowest afterburner-Iinlet total pressures
at a given flight condition were obtalned with engines B and A, respectively. The
difference ln the effects of compressor total-pressure ratio on the primery combustor
and afterburner of the three engines at any flight speed, altlitude, ard turbine-Iinlet
temperature is gquite marked. An lncrease in rated compressor total-pressure ratio
results in more favorsble operating conditions (higher pressures and temperstures
and lower reference velocitles) for the primary combustor. In the afterburners, the
increase in compressor total-pressure ratios results in an increese in afterburner-
inlet pressure up to some maximum value. Further Increase in compressor tobal-
pressure ratio results in a decrease in afterburner-inlet pressure. Thils comparison
of the afterburner-iniet total pressures demonstrates the dependency of the
afterburner-iniet conditions on the component operating characteristics of the
individusl engines. '

At a given flight condltion, highest afterburner-inlet total temperatures occur
in engine A and lowest temperstures in engine C. Thig trend agrees with the in-
creased amounts of power required to operate compressors with increasing compressor
total-pressure ratios. No significant trend 1s spparent in a comparison of the after-
burner velocities in the three engines. This fact is attributed to the component
operating characteristics and sfterburner areas of the individual engines.

APPLICATIONS TO OTHER ENGINES

The foregoing material epplles specifically to engines A, B, and C. However,
in many cases, 1t may be necessary to extrepolate or interpolate the date for an
engine differing somewhat in compressor and combustor conflgurations. In addition,
other engines may differ in meximum burbine-inlet totel tempersture or may have var-
jous meterials injected into the compressor or the combustor.

Improvements in compreseor design mey permit a compressor of the same frontel
area, pressure ratio, and efficlency as those specified in table I to handle gresater
weight flows of air. For the same combustor geometry, the increase in sir flow would
increase the reference velocity through the primary combustor by the ratio of the
alr welght flows. For other combustor geometries and rated alr flows, the reference
veloclty may be expresged by

Ya,c,8ls
A
c,r /X

(Vc,r,sZs)X = (vc,r, BZS)A,B,C

“a.,c,sls)

Ac,r A,B,C

where -
(Vc,r,sls)x reference velocity through combustor of engine X at rated sea-level

static conditions

(Vc,r,sls)A,B,C reference velocity through combustors of engine A, B, or C at rated
sea-level static conditions

"’a!czsls rated sea-level statlc weight-flow rate of alr per unit combustor
Ac,r X reference area of engine X

Ya,c,sls rated sea-level static weight-flow rate of air per unit combustor
Ac,r A,B,C reference area of engine A, B, or C
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New and improved turbine materlals, cooled turblnes, or combinations of new
materials and cooling ‘will permit higher allowsble turbine-inlet total temperatures
than the values speclfied in this chapter., Operation at higher turbine-inlet total
temperatures at the same engine speed would result in approximately the same weight
flows of air but higher compressor total-pressure ratios. Higher pressure ratios
would beneflt the primary combustor. That is, the effect of the higher turbine-inlet
totel tempersture at the same engine speed would be an increase 1n combustor-inlet
total pressure and a decrease in combustor reference velocity.

The addition of water, water and alcohol, hydrogen peroxide, or other liquids
into the primary combustor of an engine effectively increases the weight flow through
the combustor and at the same time decreases the turbine-inlet total tempersature.

The subsequent additlion of mpre fuel to restore the turbine-inlet temperature intro-
duces additional mass into the combustor. Since choked turbine nozzles are specified,
the compresgor total-pressure ratlo must be increased to force the total welght flow
through the turbine ng2zles. Thus, the effect of additives 1s beneficial to the
primary coumbustor. That is, the net result is increased combustor-inlet total pres-
sures and probably reduced reference velocities.

In general, the resulis of this cheplier may be used to approxlmate closely the
combustor operating conditions in engines whose combustor air loadings and turbine.-
inlet total temperatures are similar to those presented. The approximation becomes
less accurate with changes in maximum turbine-inlet total temperatures, liquid injec-
tion into the combustor, compressor air bleed, apprecisble Reynolds number effects,
and high inlet-diffuser losses.

Lewlis Flight Propulsion Laboratory
National Advisory Committee for Aercnautics
Clevelsnd, Chio, November 28, 1955
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TABIE I. - DESCRIPTIVE ENGINE DATA
Engine{Type Rated |Rated Compreg- | Combus- |After- Rated air |Maximum [Rated
compres-| compres- |alr £low, |sor tor ref.|burner Tlow per turbine-|combus~
sor gor (w,) s, |froutal |eremce |erea at| unit com- (inlet  [tor ref.
total- 1b /BEé erea, |ares, |flame- bustor total |erence
pressure Ay Ac,r, [bolder, referenca |temper- |veloclby,
ratio, g £t sq £t Aghs area, ature, (Vo r)sls,
(Pt!:) sq £t | (Valsls, 3;’ £t/s0c
Pt, sls Ae,r
1b/{sec)(sq ft)
A Axiel- S 94.8 4.58 3.84 5.79 24.69 2060 109
£low
B Axial- 8 l40 4.75 5.63 5.55 24.07 2060 78
flow
flow
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CHAPTER XT
TURBOJEL-ENGINE STARTTNG AND ACCELERATTON

By Devid M. Stralght and Richard J. McCefferty

INTRODAUCTION

From considerations of safety and relishbility in performance of gas-turbine air-
creft, 1t 1s clear that engine starting and ascceleration are of uilmost imporitance.
For this reason extensive efforts have been devoted to the lovestigation of the fac-
tors involved in the sterting and acceleration of engines.

In chapter III it is shown that certain baslic combustion requirements must be
met before ignitlon can occur; consequently, the design and operation of an engine
must he tallored to provide these baslc requirements in the combustlon zone of the
engine, particularly in the vicinlity of the ignition source. It 1s poinited out in
chepter ITT that ignition by electrical discharges 1s aided by high pressure, high
temperature, low gas veloclty and turbulence, gaseous fuel-air mlxture, proper mix-
ture strength, and en optimum spark duration. The simultaneocus achlievement of all
these requirements in an actual turbojet-engine combustor is obvlously impossible,
yet eny attempt to satlsfy as many requirements as posslible will result in lower
ignition energies, lower-welght lgnition systems, and greater relisbility. These
factors together wlth size and cost conslderationa determline the acceptabllity of
the final ignition system.

It 1s further shown 1n chepter III that the problem of wall quenching affects
englne starting. TFor example, the dimensions of the volume to be burned must be
larger than the quenching dlstance at the lowest pressure and the most adverse fuel-
air ratio encountered. This fact effects the design of cross-fire tubes between
edjacent combustion chambers in a tubuler-combustor turbojet englne. Only two
charbers in these engines contain sperk plugs; therefore, the flame must prope-
gate through smell connecting tubes between the chembers. The quenching studies
Indicate that if the cross-fire tubes are too nerrow the flame will not propagate
from one chamber to enother.

In order to better understand the role of the baslc factors in acitual englne
operatlion, meny investigatlons have been conducted in alngle combustors from gas-
turbine engines and in full-scale engines in altitude tanks and in flight. The pur-
pose of the present chapter ia ta discuss the resulis of such studles and, where
possible, to interpret these results qualitatively in terms of the basic requlrements
reported in chapter III. The discusslon parallels the three phases of turbojet en-
gine starting: ' ’

(1) Ignition of the fuel-eir mixture

(2) Propagation of flame throughout the combustion zone

{3) Acceleration of the engine to operating speed

EFFECT (OF VARTABLES ON IGNITION IN TURBOJET ENGINES

Turbojet englines are usually staerted by
(l) Cranking or windmilling the compressor and turbine to provide alr flow



44 W, NACA RM E55G28

(2) Turning on an lgnitior source
(3} Spraying fuel into the combustor

After the englne 1s started, the rotating speed of the compressor and turbine is in-
creased from cranking or windmllling speed to an idle speed by increasing the fuel
flow. Following this initlal acceleration, acceleration to higher engine speeds is
necessary to provide thrust for take-off and altitude flight conditions.

The most difficult starting conditions ere those encountered on the ground at
low anmblent temperatures and those found at high altltude. The need for easy start-
ing on the ground at =211 temperatures is obvious. Starts at altitude are also re-
quired after flame~-outs, or occaslonally, in the operation of multiengine aircraft,
where all engines are not operated at all times. The following sections review the
various factors involved in the starting of turbojet engines.

Engine Operating Varlables

Both flight and tunnel tests on full-scale engines have shown that the ease of
starting is controlled by altitude, flight speed, and engine speed. These engline
operating varlebles can be related to combustor-inlet temperatures, pressures, and
velocities; such relations are glven in chapter X. This relation permits the study
of 1gnition in single turbojet combustors operated in connected-duct facillities where
these inlet variasbles plus fuel flows and temperatures can be controlled to similate
engine operating conditions. BSuccessful ignition 1s defined as continued burning
after the ignition source bhas been shut off. A maximum time of 30 seconds is often
the Hmit sllowed for-ignitlion attempts. Typlcel epparatus and procedure for single-
combustor lgnition studlies are described in references 1 to 3.

Full-scale engine altitude tests are conducted in large altitude chambers or
wind tunnels and by flight tests. In altltude test facilitles, flight operating con-
ditions are slmuleted by conbtrolling engine inlet and ocutlet pressures, and fuel and
eir inlet temperatures. Instrumentation is provided to Indicate englne inlet and
cutlet pressures (s:l.n;ulating altitude and flight Mach nunber), engine speed, alr
flow, fuel flow, and pressures and temperatures at varlous stations in the engine
including combustor-inlet conditions. The ignitlon procedure consists in setting
the altitude and flight-speed pressure and temperature conditions and allowlng the
englne windmilling speed to stablllze. The lgnitor is then turned on and the fuel
throttle opened slowly until ignition is obtailned. If ignition does not occur, the
throttle is manipulated to.very fuel flow over a wide range in further sttempts to
obtain ignition: A waximum time limlit (usually 20 to 45 mec) 1s sllowed for igni-
tion. Another method of feeding fuel is to allow only a fixed flow rate to exdist
upon opening the throttle. The value of this flow rate is varied for different ig-
nition attempts for these automatlc starts.

Operationel and design requirements of full-scale turbojet englines necessarily
influence the selection of parameters for presenting single-combustor ignition
limits. Full-scale engines must be sterted without exceeding the mwexdmum allowable
turbine temperature; thus, minimum fuel flow for lgnition 1s a useful parameter for
indicating ignition limlts. It is desirsble to design englne sccessory systems with
minimum welght, size, and cost. Hence, the ignltlon-energy supply system should be
light welght, which, in turn, means use of low ignition energies. Therefore, mini-
mum lgnition energy is also used as e parameter for indlcating the altitude and
f1ight-speed ignition limits of these engines. In addition, the minlmum combustor-
inlet pressure for ignition is a useful parameter Ffor establishing the altitude ig-
nition limit of single combustors when the ignltion energy is constant.
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Fuel and slr temperature. - The effect of sea-level aubient tempersture on mini-
mum starting fuel flow for three engine speeds 18 presented ln figure 1l4. A de-
crease in sumbient temperature or an lncrease in englne speed resulted in large in-
creases 1n the minimum fuel flow required for starting. The effect of engine speed
on starting fuel regquirements is primarily an effect of combusbor-inlet velocity;
at 60° F, for exemple, increaesing englne speed from 1600 to 4000 rpm increased
combustor-inlet absolute pressure and temperature only 10 to 20 percent bubt increased
inlet wveloclties about 150 percent. Inspection of figure 14 shows thet decreases
in ambient temperature increase the starting fuel-flow requirements at all englne
speeds (or combustor-inlet velocitles) but that the effect is most marked at the
higher-speed or hilgher-velocity condition.

The effect of tempersture on starting fuel flows can best be explained ln terms
of fuel volatility. As the temperature is lowered, the evolution of wvapor from fuel
spray droplets is retarded; therefore, more liquld fuel 1s required to produce a
flammeble mixture of vapor ln the immediate vicinity of the sperk plug. This ex-
planation is substantliated by laboratory studies discussed in chapter I. Further
discussion of volatllity effects 18 contalned in & later section of the present chap-
ter. Properties of the fuels used for the imrestiga.tions reported in this chapter

are presented in table IT.

Whether the ignition limits are defined in terms of minimum sperk energy or mlni-
mum requlred fuel flow, the explanation based on the volatility conslderation still
epplies. For exemple, figure 15 Indicates that more sperk energy is necessery for
ignition at low temperatures. (The spark energles presented in thls chepter are the
stored energy in condenser-discharge-type ignition systems except where otherwise
noted.) The minimum spark energy increased by a factor of approximastely 3 as tem-
perature was decreased from 80° to -40° F. Figure 15 further indicates that, for a
given temperature, the less volatile fuels (high E—percent-evaporated tempera‘bure)
regulre greater spark energy for ignition.

The effects of temperature on starting of full-scele engines are qualitatively
the same as those obtalned in single-combustor studles. As elther fuel or air tem-
peraturs wes decressed (fig. 18), the sltitude ignition limit decressed. 4 de-
crease in fuel temperature from 30° to -2° F chenged the altitude ignition limlt
generally less than 5000 feet; but when the fuel temperature was reduced to -30° F,
a very ebrupt l.owering af the altitude limit occurred with enging Inlet-air tempera-
ture lower than O° F.

Pressure and veloclty. - Fundamental studies of the ignition of premixed vapor
fuel and air in a flowing system (ch. TIT)} show that minimum spark energy for igni-
tion increases st low pressures and high velocities. The minimm fuel flow required
for starting varies with the rate of evaporation of the fuel spray. Teste described
in chapter I showed thet the eveporation rete is greater at low pressures and high
velocities as well as at high temperatures. The effects of pressure on ignition in
e single combustor are i}lustrated in figure 17, vwhere the variation of minimum
starting fuel flow with altitude indicates thet the effect of altitude is signifi-
cant at high engine speed. At low-speed conditions, the effect 1s nol serious at
altitudes below 20,000 feet. Aas altitude 1s increassed at constant speed the
combustor-inlet temperature and pressure decreese substantially; therefore, the ef-
fect shown 1s actuslly the combined effect of temperature and pressure. Veloclby
in this cese 1s nearly constant.

The results shown in figure 17 mey also be explained in terms of volatility
in thet greater quentities of liquid fuel are required at high altitude to produce
the Puel-alr vepor mixture necessary at the spark plug.  This requirement is also
apperent from the flammebility studies illustrated in figure ITIL-15 of chapter ITI.
In that figure it mey be seen that as the pressure 1s decreased, richer fuel-air
mixbures are required to establish a flammeble condition.



46 SR NACA RM ES5G28

In order to eveluate the energles required for igmition at various pressures s
single-combustor studies with several fuels have been made (ref. 2). These studies
are 1llustrated in figure 18 vhere the effects of pressure on minimum ignition
energy for several alr flows are shown. For the condibtions covered by these tests,
the spark energy required varied between 0.02 and 12 joules. These energies are
greater by a factor of 100 or more than the energies required to ignite flowing,
premixed gaseous fuel and air (ch. III).

A cross plot of the data of figure 18 is presented in figure 19 to show the
minimum pressure ignition limite for various constant ignltion energles (a.n engine
ignition system usually provides constant energy) over a wide renge of sir-flow rates.
The minimum pressure burning limits for this combustor (ref. 2) are included for com-
parison. Ignition is possible neer the burning limits with e spark energy of 10
Joules at the lower alr-flow rates.

Eech curve of figure 18 was obtalned at constant air flow; thus, as pressure
was decreased, reference veloclty increased. (The term reference velocity indicates
the mean alr velocity at the maxlmum cross-sectionsl area of the combustor, and is
computed from the maximum cross-sectionel arems, the air flow, and the combustor-inlet
denslty.) An empirical relation is developed in reference 4 to determine the sepa-
rate effects of pressure and velocity on the lgnition-energy requirements. This re-
lation V/A/P (where V 1s the reférence velocity in fi/sec, and P i1s the
combustor-inlet total pressure in in. Hg abs) correlated the data of figure 18 as
shown in figure 20. Although considerable scatter of the data exists, this param-
eter best correlated the data obtained with most fuels (ref. 4). The parameter
V/A/P indicates that reference velocity hes a greater effect on minimum energy than - -
does combustor-inlet pressure.

The results found in single-combustor studies of the effect of pressure and
velocity on ignition dre reflected by full-scale-engilne studies {refs. 5 and 6).
The effect of engine windmllling speed, which varies linearly with flight Mach mim- :
bver, and altitude on the ignitlon fuel flow Is presented in figure 21. As flight
speed increases, the fuel flow required for ignition increases warkedly. For exam-
ple, at an altltude of 45,000 feet, an increase in flight Mach number from 0.3 to
0.75 resulted in a four-fold increase in ignition fuel flow. The igunition fuel flow
increased, In general, with increase In altitude, the increase being greater at the
higher flight speeds. At 50,000 feet, the engine could not be started at flight
speeds higher than & Mach number of 0.53 hecause of limited maximum fuel flow.

A full-scale engine was ignited at Mgher altitudes by increasing the spark
energy supplied to the ignitors (ref. 5). Typlical results are presented in figure
22 for the engine windmilling at a flight Mach number of 0.6. The altitude igni-
tion limit increwmsed rapidly from 35,000 feet at 0.25 joule per spark toc 45,000 feet -
at 0.5 jJoule per spark. (These energles were measured at the spark gap.) Approxi-
mately 1.4 Joules per spark were necessary to obtain ignition at an altitude of 50,000
feet. Any further increase in altitude sterting seemed difficult to realize, for it
wvas Impossible to obtain ignition at 55,000 feet with the highest avallable spark
energy (sbout 3.7 joules).

Similer large increases in altitude ignition limit were observed at other flight
speeds. In figure 23 the altitude ignition limits with a spark energy of 3.7 Joules
per spark {measured at spark gap) are indicated for a range of flight Mach numbers
from O.4 to 1.2. At a flight Mach number of 0.8 with a low-energy ignition system .
(0.02 joule/spark), the sltitude ignition limit was generally less than 10,000 Peet .

(ref. 5).

Fuel Variebles

Under normal or imposed conditions of temperature and pressure the volatility
of a fuel is not always sufficiently great to produce the deslred mixtures of vapor

eounnillin
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fuel and alr for ignition and combustion. However, by producing & fine spray of 1lig-
uld droplets under a glven condition of temperature and pressure, the rate of evapora-
tion 18 greatly increased. The hasic conslderations involved in atomizatlion and evap-
oration are described in chapter I. It has been shown that the rate 'of eveporation
of a fuel spray varies wlth drop size or degree of atomlzation. The vaporized fuel
concentration avellable for ignition will thus vary with atomlzation.

This sectlon discusses resulis of studles which attempt to evaluate the influence
of atomlization and fuel volatility on the ignition process in Jet engines.

Sprey characteristice. - The varlaetlon of atomization with fuel flow in a fixed-
eres fuel nozzle epraylng into qulescent alr is shown ln figure 24. It is apparent
that as Tuel flow increases the spray tends to spreed into a more nearly conical
shape wilith greater dispersion of droplets. The droplets at the high flows are smaller
and thus the rate of evaporation is improved. Data in figures 14 and 17 were de-
termined in the fuel-flow renge represented by figure 24; however, direct compari-
son cannot be made since one system 18 qulescent and the other dynemic.

An investigation reported in reference 7 indlicated that combustor-inlet pressure
(14 to 37 in. Hg &bs) had a negligible effect on spray formstion, but increases in
air velocity (35 to 80 £t/sec) improved atomization. It should be noted, however,
that Insofar &8 lgnition is concerned, the lmproved atomization due to veloclty in-
crease may be offset by the decresased residence time of the fuel-alr mixture and the
increased turbulence in the viclnity of the spark gep.

Great lmprovements in engine starting characteristics can be cobtelned by changes
in the fuel atomizer (ref. 8). This is mlso shown in figure 25 where the minimum
1gnition energles required for starting over a range of combustor-inlet pressures are
shown for two fixed-area and one varligble-sree nozzle. Also listed on thls figure
are the starting fuel flows for each nozzle. It can be seen that the smaller cepac-
1ty fixed-area nozzle reguires both lower spark energies and lower fuel flowe for
starting at ell combustor-inlet pressures than does the larger-cspacity fixed-area
nozzle. The varigble-ares nozzle has spark-energy and fuel-flow requirements that
are much the same as those for the smeller-cepacity fixed-area nozzle. The improve-
ments in ignition characteristles of the verlable-area and smaller-capaclty fixed-
aree nozzles mey be attributed to finer stomizatlion and the accompanylng lncrease 1ln
the rate of evaporation of the fuel (ref. 9). Drop sizes and eveporstion rates may
be calculated from relations given in chapter I. The variable-area nozzle hes the
added advantage of belng capable of handling much higher fuel rates, permitting en-
glne operation over wlde ranges of condltions without requlring excessive fuel pres-
sures (ref. 8}.

No complete systematlc study of the effect of fuel-sprey charecteristics on the
altitude ignition limits of a full-scale turbojet englne has been reported. Engine
data reported in reference 5 for a low-voletility fuel indicated thet the engine
could not be started at sea level at a flight Mach number of 0¢.2. A simllar engine
could be ignited at 40,000 feet at the same flight speed, as reported in reference
10. The difference in the ignition limlts of these two engines is probably due to
the difference in fuel-spray characteristics, since in the engine of reference 5
duplex nozzles were used, whereas the englne of reference 10 was eguipped with
variable-area nozzles. Duplex and varieble-aree nozzles' differ in fuel drop size,
cone angle, and penetration produced. Any one or all of these spray varlables could
produce the performance differences observed in the engines.

Sea-~level starting tests were made wlth a full-scale engine using three different
sets of fuel nozzles having different degrees of stomization (ref. 11). A much larger
fuel flow (50 1b/hr) wes required for ignition with large 40-gallon-per-hour (rated
pressure of 100 1b/eq in.} nozzles then for ignition with small 10.5-gallon-per-hour
nozzles (20 1b/hr). In reference 8, engine starting date with varisble-area nozzles
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show that & constant fuel flow &an be set sutomatically to obtaln ignition and ac-
celerate the engine to idle speed without exceeding the safe-tempersture limitetion
during starting. These dabte indicate that a large reduction in stearting fuel flow
can be achieved by providing finer atomization at starting conditions. '

Volatility. - The preceding discussions show that easler sterting is obtained
by providing vaporized fuel in the vicinity of the ignition source. Higher inlet -
fuel and alr temperatures as well as improved atomlizatlon help provide this vaporized
fuel. A more direct method for providing vaporized fuel is by use of fuels of higher

volatility. .=

It 18 shown in chapter I that the rate of eveporation of a fuel spray increases -
wlth increase in fuel volatility. Hence, it would be expected that lower starting
fuel flows and ignition energles would be required for fuels of high volatility. ©On
the other hand, the volatllity of a multicomponent fuel of the type used commercially
is not easily defined; consequently, the fuel properties most frequently used to de-
fine volatility have not produced completely satisfeactory correlations of engine
starting data. TFor exemple, the order of the curves in figure 15 and the scatter
of polnts in figure 26 indicate that neilther Reld vapor pressure nor the A.S.T.M.
15-percent-evaporation polnte adequately describe fuel voletility. From these data
it may then be assumed that either the volatlility of fuels as it affects starting
has not been properly defined or that other properties of the fuels are producing
significant effects in the ignition process.

Of the fuel properties examined to date, the A.S.T.M. 15-percent-evaporation
polnt offers the greatest promise of correlation of starting data. However, in order .
to compensete for variations in altitude operating conditions, the additionsl pressure-
velocity parameter V//P (ref. 4) may be introduced. Figure 27 illustrates the
relatlon between A.S.T.M. 15-percent-evaporation point and requlred ignition energy
for several values of V/A/P. These data taken at altitude conditions indicate about
a 2:1 increase in minimum spark energy at a low value of V//\/P and an 8:1 increase -
at the highest value of the parameter for the seame range of 15-percent-evaporatlon
fuel temperature. Thus, the effect of fuel volatility on minimum spark energy is
greeter at more severe operating condltlons.

Deatea to confirm the effect of fuel volatility on ignition at sea level are re-
ported in reference l. A decrease in fuel volatility resulted in a large increase.
in the fuel flow regulred for starting, the incresse being larger at low amblent tem-
perature. The same effect occurred under sltitude conditions with the effect belng
greater at high eltitudes where temperatures and presisuwres ere lower. Under altitude
conditions the data (ref. 1) indlcate that the increase in evaporation rate due to
low pressure 1ls apparently offset by the low temperature. -

It 1s perheps mlsleading to attribute the effects of low temperature solely to
the influence of temperature on volatility, for decreases in temperature are alsa
accompanied by increeses in viscoeity. These increases in viscoslty may have detrl-
mentel effects on astomization (ch. I) and thereby reterd the rate of evaporabion.
A study of photographs presented in reference 1 indlcates that the spray produced by .
the fuel nozzle veried with the different fuels used as wall as with the fuel temperxr-
atures. The viscosliy of the three fuels varied as much as did volatility.

The minimum fuel-slr ratios required for ignition in a swell (2-in.-diam. liner)
lsboratory combustor have beenr determined for several experimental fuels of varylng .
volatility (ref. 12). Increased volatility permitied ignition at lower fuel-alr
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ratios; however, the change in fuel-air retio over & range of combustor-inlet tem-
peratures from -40° to 40° F was less than that reported in reference 1. The fuel
nozzle chosen for the investigation of reference 12 resulted in nozzle pressure drops
of the order of 10 to 25 pounds per sguare inch; hence, effects of fuel viscosity
would be lower than those found in the investigation of reference 1.

The results of single-combustor studies discussed in the preceding paragraphs
have been substantisted by limlited tests in full-scale englnes. Data presented in
Tigure 28 show that lower fuel flows are required for starting with the more vola-
tile fuel (Reid vapor pressure of 5.4 1b/sq in.). Similar results were also obtalned
in full-scale engine studles reported 1n references 5, 10, and 13. Deta are presented
in figure 29. For both the axial-type compressor (fig. 29(a)) and the centrifugal
type (fig. 29(c)), gains in sltitude ignition limits up to 15,000 feet were ob-
tained when fuel volatility was increased from a low (0 to 1.0) to a high (5.4 %o
6.2) value of Reld vapor pressure.

Results of full-scale-engine tesis reported in reference 14 also substantiate
qualitatively the resulte of the single-combustor studies on fuel volatility. The
amount of fuel eveporated eccordling to A.S.T.M. distilletion curves st the condltions
of the test predicted the sltitude ignition 1lmits more accurately then did Reild
vapor pressure. _

Spark-Ignition Deslgn Varisbles

As previously stated, ignition at a spark gep i1s elded by high pressure, high
temperature, low gas velocity and turbulence, gaseous fuel-alr mixture, proper mix-
ture strength, and an optimum spark duretion. Some of these varigbles are fixed by
the particuler englne, operating conditlons, and fuels lnvolved. Others can be sl-
tered by deslgn changes.

Reliebllity of ignltion can be improved by two different methods. First, supply
enough spark energy to ignlite the fuel-alr mixture ln splte of poor environmental
condltions; second, design the lgnitlon system, lgnitor, and combustor to reduce the
spark energy required. A size and welght limit (and thus & meximum energy limit)
exists, however, for practical spark ignition systems. i

It is the purpose of this sectlon to discuss resulis of studies in which the
l1gnition system and the environment at the spark gap were changed.

Ignitlon system design. - Induction-type ignlitlon systems were used in most early
turbejet engines. In general, these systema had high spark repetition rates but low
energy per spark. The energy for a typleal early igrnltion system (ref. S) was 0.02
Joule et 800 sparks per second. It was previously shown that increase in spark energy
increased the altitude ignition limits (fig. 22). Condenser discharge ignition sys-
tems hsve been developed which permit higher spark energy with lower equipment welght
(ref. 15); however, the spark repetition rates are lower.

Several design varlsbles in condenser discharge systems affect the spark-energy
requirements of a combustor. One of these variables, spark-repetition rate, affects
the ignition pressure limit of a single combustor (ref. 16}, as illustrated in figure
30. At a low air flow (1.87 Ibv/(sec)(sq ft)}), the minimum pressure ignition limit
was decreased from 14 to 10 inches of mercury absolute as the spark-repetition rate
was increased fram 3 to 140 sparks per second. At a high air flow (3.75 1b/(sec)(sq
£t)), the effect was greater and the pressure limit was reduced from 28 to 18 inches
of mercury absolubte. Although improved ignition limlts are possible by lncreasing
the spark rate, the total power required and weight of equipment is Increeased.
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Spark-repetition-rate studies in a full-scale englne (ref. 5} show the same
trends as the. slngle-combustor results, The effect of spark-repetition rate on the
spark energy and power requirements for ignition in the engine at an altitude of
50,000 feet and & flight Mach number of 0.6 is presented in figure 31. The spark
energy required for ignition at this condition decreased from 1.4 joules per spark
(measured at spark gap) at 1 epark per second %o 0.34 joule per spark at 188 sparks
per second (fig. 31(a)). Low spark-repetition rates, however, are more desirable
since the power required for ignition is lower, as shown in filgure 3i(b). Thus,
battery drain is less even though the energy per spark is greater. For example,
ignition was obtained at the seme altitude windmilling condition with 62 watts of
pover at 188 sparks per second as compared wlth only 1.4 wattes at 1 spark per second.

The size and welght of a capacitance-discharge-type lgnition system will vary
wlth the circult of the systems. A high-resistance system, for exemple, needs & larg-
er storage condenser than does a low-resiastance system to achleve equel energy at the
spark gep.

The basic circuits of three typlcal low-volbage (300 to 3000 volts) high-energy
condenser-discharge ignition systems are presented in figure 32. The first of
these systems (fig. 32(a)) is a low-loss system designed with a high-voltage
(10,000 volts) trigger to fire air-gap ignitors. A separate low-energy supply of
electric current is fed intermittantly through the primary cf a pulse transformer.
The high-voltage, low-energy pulse of current induced in the secondary of the trans-
former (located in the mein ignition lead) ionizes the ignitor air gap and allowe the
low-voltege, high-energy spark to follow. The secondary of the transformer was of
special design to minimize losses (low resistence)} resulting from flow of the low-
voltege current from the storage condenser to the spark gsep.

The second of the high-energy systems (f£ig. 32(b)}) is & triggered system and
was deplgned to fire either ajr-gap or surface-discharge ignitorse. Surface-discharge
lgnitors are conatructed with a semlconductive materisel or coating between the elec-
trodes to permit flow of low-voltage current without high-voltage Lonization (these
are discussed in a later section). Bince surface-discharge gap materials are seml-
conductive, o barrier gap 1s used to prevent discharge of the s e condenser until
the break-down volbage of the barrier gap is reached. In figure 32(b) is shown
a small trigger condenser that discharges through the barrler gap and then through
the primary of a pulsSe transformer. The induced low-eunergy high-voltage {20,000
volts) ionization spark that occurs at the ignitor electrodes allows the high-energy,
low-voltege spark to follow. This system will also flire alr-gap igpitors that are
badly fouled with carbon or other deposits. Figure 32(c) shows the basic circuit

of a high-energy, low-voltage nontriggered ignition system that will fire only surface-

discharge lgnitors slnce no high-voltage trigger is provided. The Tlow of energy
stored in the condenser to the semliconductive spark gap 1s controlled by & mechanical
switch or berrier gap in the maln ignition lead.

Iocases occur in capacitance discharge ignition systems between the storage con~
denser and the spark gep; for example, energy 1s dlssipated 1n barrier gaps that have
8 reletively high resistance., Reference 5 reports that the energy at the spark gap
could be quadrupled by decreasing the resistance of an ignitlon cable from 1.2 to
0.007 dfm. Other data (unpublished) have shown that only 10 to 40 percent of the
stored energy is avallsble at the spark gap as determined by a calorimeter method.
The relative performances of two of the three ignition systems having the basic
circuits of figure 32 are presented in figure 33. The minimum spark-energy ignition
limits vere determined at two air-flow rates in a single tubular combustor for the
low-loss and the triggered system both firing the same alr-gap ignitor. The spark
energy (stored energy) required for ignition with the triggered system is greater
by & factor of gbout 10 thepn that for the low-loss system. Most of this large loss
probably occurs in the barrier gep in the triggered system. Since the nontriggered
system will not fire gn air-gap lgnitor, the performance is not shown for this
gystem in figure 33. . L

3186
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Fundamentel studles (ch. ITI) indicate thet an optimum sperk duration exists
where the spark energy required for lgnition of a vapor fuel-alr mixture is at & mini-
mum. The spark duration of the capacitence-discharge systems hereln described depends
on the circuit and spark-energy level involved, and is believed to be near the opti-
mum for minimum ignition energy, although the energy level is much higher then the
fundamental studies show.

Ignitor design. - Some of the variebles that aid ignition such as low gas veloc-
ity and turbulence, gaseous fuel-air mlxture, and proper mixture strength can be gl-
tered or controlled locally to some extent by the design of the ignitor iltself. Nor-
mally, & very random fuel and air environment exists in the vicinity of the spark
electrodes (ref. 7). The ignition performsnces of several ignitors designed to have
better local enviromment and thus reduce spark energy are reported in reference 9.
Other spark-gep varisbles such as gap width and surface-dlscharge sparks are also in-
cluded. Figures 34 and 35 show some of the lgnitor designs and the results obtained
with them. :

The effect of gep width on spark energy is shown in figure 34(a) for two ig-
nitor designs. Increasing the gap width of the wlre electrode ignitor from 0.03 to
0.24 inch had practicelly no effect on the energy required for lgnition. The effect
of quenching (ch. III) is shown for the ignltor having the heavier disk electrodes;
the energy required is higher at all spark gaps up to the 1imit of the tests at 0.20
inch. :

In reference 7 it 1s reported that the spark electrodes were wet with liquid
Tuel and that excess lgnition energy may be required to vaporize some of the fuel to
form a flammeble mixture for igmition. The ignitor shown in figure 34(b) was fab-
ricated with & Nichrome heating element near the sperk gep, which wes heated separate-
ly by an electric current. The results of combustor tests show that the spark energy
required for ignition wes reduced; however, the totel energy required (sum of spark
and heating energy) was much grester than thet for the reference ignitor. AL very
severe lgnition conditions near the limiting pressure where spark energy lncreases
very rapidly, heating elements may ald lgnition since the curves (fig. 34(b))
show & lower pressure ignition limit with the heating element 1n use.

Several lgnitor designs were febricated that incorporated various types of
shields to lower velocity and turbulence in the vicinity of the spark electrodes (ref.
9). The largest improvement in ignition-energy requirements resulted from blocking
the annular clearance around the lgnltor where it passed through the combustor liner
and by blanking off all cooling alr passing through the plug body (fig. 34(c)).
Blocking the, annular clearance reduced the sperk energy required by & factor of as
much as 5. Blocking the cooling-sir hole further reduced the sperk energy.

A series of surface-dlscharge ignitors was also investigated (ref. 9) and in-
cluded both triggered and nontrlggered designs. The conducting surfece of the trig-
gered ignitors was a thin coating of semlconductive material glazed onto the insula-
tor. These ignitors, in gemeral, had poor contact between the electrodes and semi-
conductive material; thus, triggering was necessary. In other deslgns, semiconductive
sintered ceramlc materials were used for the spark-gap materiael. With these materials,
good contact could be made with the electrodes and, thus, no triggering was required.
Drawlngs of the triggered ignitor and the nontrliggered ignitor that performed beat
are presented in figure 35. The performances of these two Ignitors were compared
with the performance of & reference ignitor when fired by the trigegered lgnition sys-
tem (fig. 32(b)). The best triggered ignitor gave better performance than the best
nontriggered ignitor when fired by their respective ignition systems.
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The results of ignitor design studies in a single combustor are summarized in
figure 36. The dashed curves show the spark energy required for ignition with the o
reference ignitor (standard installation in the single combustor used}. Reductions g
in spark energy were observed for meny lgnitor deslgn changes, bub the greatest im-~
provement was obtained by reducing local silr veloclty and turbulence. The best
surface-discharge ignitor was about equally effective for ignition as the reference '
alr-gap lgnitors when fired by the low-loss system.

Although no complete systematic study of ignltor-design variables has been made
in a full-scale engine, several investigations have included changes in ignitor de-
slgn in ettempts to improve the altlitude ignition limits.

>
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The results of flight investligations reported in reference 17 indicate that
surface-discharge ignitors were about equally effective as alr-gap lgnitors. Non-
shielded (flush-gap type) ignitors were better than shielded ignitors. Cearbon forme-
tlon on the shielded {gnitors prevented the fuel-air mixture from coming into elose
contact with the spark, thus preventing ignition although the plugs continued to fire
even when badly fouled. Brilef tests were also made with a standard elr-gap ilgnitor
with a larger cooling-eir hole. Lower sltitude ignltion Iimlts resulted from the
greatexr coollng alr, as was alsc shown by the single-combustar ignitor-design studies.

Large increases in altitude ignition 1imit were obtained by blenking off a gap
sround the ignitor where it went through the liner of an esnnular combustor (unaveil-
gble NACA publication). The altitude ignition ldmit was increased from sbout 5000
feet to a maxdmm of 50,000 feet at a f£light Mach number of 0.9. .

Fuel prevaporizing combustion chambers such as the Python (ref. 18) require a
torch-type ignitor for ignition. These, in general, conelel of a smell separaste fuel
nozzle in combination with & spark gap. The ignition spark ignites the spray from
the nozzle, snd the resulting torch vaporizes and ignites the mair fuel feed, which h
is injected into the vaporizing tubes of the combustor.

Spark-gap location. ~ In different combustor deelgne the alr-flow patterns and
fuel-air-ratioc distribution may vary. Thus, 1t 18 necessary to locate the spark gap
in the most favorable position where gass veloclty and turbulence are low and where
the fuel-air mixture is most apt to be near the ideal conditlons.

In oune single-combustor study (ref. 7), the alr-flow patterns at nonburning con-
ditions and the wemner of initial flame spreading indicated that & more favorsble
mixture for igprition may exist in the center of the combustor where reverse flow oc-
curs. In reference 9, the spark-gap emersion depth was varlied ln this same combustor
(333). The spark energy requlred for ignition is presented in figure 37. Im-
mersion depth hed & negligible effect on the spark-energy requirements except very
close to the liner whers the required energy was greater.

Flight teste wlth a J33 full-scale engine (ref. 17) indicated that an optimum
immersion depth of about 0.85 inch existed for a surfasce-discharge ignitor. This -
position is relatively neer the combustor liner wall. In a J35 combustor (ref. 5),
moving the spark gep to the center of the combustor increased the altitude ignition
limit by 20,000 feet at a Mach number of 0.8 {rig- 38) but had less effect at
lower flight speeds.

Apparently the optimum spark-gap locstlon in a combustor is best found by ex-
perimentation since there sppears to be no conslstent optimum position in different hd
combustor designe. Spark-gap location mey become of lesser importance when other
ignition design features such as shielding sgainst high local velocltles are
incorporated.
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Coubustor design. - Since the spark energy required for ignition is sensitive to
the local envirooment at the spark gap, it is loglcal that the combustor liner itaelf
may be designed to provide low veloclty and turbulence in the ignition zone. TFor

xample, & flame could be maintained by the lgnition spark in an experimental combus-
'bor ref. 19) et pressures below the steble burning pressure limlt. Burning was main-
tained in thils combustor at pressures of 3.8 and 5.0 Inches of mercury absolute at
alr-flow rates of 0.93 and 1.47 pounds per second per square foot, respectively, by
an lgnition spark having an estimated spark emergy of 0.025 joule per spark. Com-
parison of these data with figure 19 shows that large galins in reducing spark energy
can he achieved through combustor design.

Summery of Sperk-Ignition Veriebles

The varigbles that aid ignition in fundamental studles also aid ignition in tur-
bojet combustors in both single combustors and full-scale engines. Improved ignition
vasg indicated by lower starting fuel flows and lgnition sperk energy. The spark en-
ergy level, however, was much higher then that requlred in the fundamental studies.

As predicted by fundamental studies, ignition ian turbojet combustors was easier
as pressure and temperature increased and as veloclty decreased. These variables are,
in general, fixed by the particular englne and operatling conditlons lnvolved, except
where the local velocity amd turbulence at a spark gap can be altered by design. In-
deed, ignltors and combustors designed for low local velocity and turbulence nay
greatly reduce the requlred spark energy.

Sterting tests with fuels of different volatiliity showed that the more volatile
fuels 1gnited at lower fuel flows and with less spark energy. This reflects the funda-
mental requirements that a gaseocus fuel-alr mixture with a proper mixture strength is
desirable. The more volatile fuels evaeporate more readily to produce the proper mix-
tures at lower fuel flows. Spray nozzles deslgned to produce finer atomization also
aid ignitlon by allowing fuel to evaporate more readlly.

Other design varlables such as the circult of the ignltion system also have a
large effect on the spark energy required for ignitlion.

Since both fuel flow and spark energy indicated ease of ignition, there probably
is an emplricel relation between the two. When sufficlent date are avallaeble, the
parameter V/A/P can probebly be expanded to include =11 the cperational and fuel
variables.

Speclal Technigues

Chemicel ignition. - Very limlted date have been obtained on lgniting turbojet-
englne combustors by chemical means. Chemicals that are sponteneously flammsble in
alr and have a high rate of energy release may offer a relatively simple source of
ignition for turbojet combustors. In reference 3, the possibllities of using eluminum
borcohydride as an ignitlion source are discussed. This chemical is one of the most
highly flemmsble substances known and has a heating value equivalent to 32,000 Joules
per cublc centimeter.

Specilal injectors were develaped to inject the chemleal into the combustion cham-
ber; however, difficulties were encountered because of oxides formed by the burning

liquld and a polymer that formed in the chemlcal storage space in the Injector.

Ignitlon with alumlnum borohydride (a.pprozd.ma.tely 2 cc) was obtalned down to
the pressures Indicated in figure 33. It is belleved that lower 1gnition limits
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cean be obtained by improved methods of Injecting the chemical. The comparison in
figure 39 of eluminum borohydride ignition limits with those for spark ignition
systems Indlcatea the chemlcal to be a more effective ignitlon source than the 10-
Joule spark system.

The spark ignition data of figure 39 (also data from ref. 4) are replotted
in figure 40 as a function of the empiricel parameter V/l\/?. With the curve
through the date extrapalated to values of V/«/? corresponding to the aluminum boro-
hydride ignltion limlits, = spark energy of approximately 100 Joules per spark would
be required to achieve lgnition, 1f the extrapolation ie assumed valid. The amount
of energy in the chemical, however, is epproximstely 60,000 joules (2 cc).

Additional tests of mlixtures of eluminum borohydride in n-pentane indicated that
mixtures of aa little as 20 mole percent alumlinum borob'yd:ride_were spontanecusly flam-
mable in = static test chamber filled with relatively dry alr at room temperature at
an absolute pressure of 1 lnch of wercury. This preasure conditlion 18 more severe
then any current turbojlet operating conditiom.

Although these dats show that aluminum borohydride is potentially an excellent
source of ignition for turbojet combustors, practicael means of storlng, transporting,
and InjJecting the chemicel must be deviased before it can be used in elrcraft. Other
spontanecusly flammable substances may also warrant study.

Further work on chemical ignitlon was receutly published in reference 20. Alund-
num borohydride wes diluted with hydrocaerbons as a possible means for easing the stor-
ege and injectlon probleme. A mixture of 40 percent aluminum borchydride in JP-4
fuel ignited a turbojet combustor almost as well as the undiluted chemical. Ignition
was improved by using longer injection durationa, which were obtalned by using small
caplllary injection tubes or by diluting with a viscous material such as mineral oll.
At -40° F, a 40-percent mixture of sluminum borchydride ip mineral oil hed a much
better lgnition limit than & 40-percent mixture in JP-4 fuel.

n enrichment. - Brief full-scele-engine investigeitions are reported in ref-
erence 2l and another (unavellsble) NACA publication of the effect of feeding oxygen
into the primary zone of the cowbustors equipped with ignition sources. Although this
oxygen enrichment resulted in ignition and flame propagetion in a shorter time at an
altitude appraoximstely 20,000 feet higher, its use in a flight installation might be
impractical because of the extra weight of inlection equipment.

FLAME CROSSOVER IN TURBOJET ERGINES

In engines equipped with lndividual tubular combustore, after lgnition of the
fuel-glr mixture is accomplished in the combustors comtaining ignitlon sources, the
flames wust spread to the combustors wlithout ignition sources. Hollow cross-fire
tubes interconnecting the inner-liner chswbers sre utilized in this propagation
process. Flame crossover in englnes equipped with annular combustion chambers is
not a serious problem, since the flame must propagate only fram one fuel spray to
ancther around the engine.

The mechanism of flame propagation through cross-fire tubes has been shown to
be a reeult of a pressure differential between ignited and unignited combustors (ref.
5). The two cross-fire tubes sttached to a combustor equipped with a spark ignitor
were instrumented with velocity pressure probes facing both directions. A flow veloc-
ity away from the lgnited combustor was noted in both tubes simulbaneously with oc-
currence of temperature rise 1n the combustor, the velocity increasing as the temper-
ature rise increased. After the combustors countalming no ignition sources lndicated
e. temperature rise, the velocity through the tubes decreased. Thus, the pressure
differential between conbustors results in the transference of ignited gases through
the cross-fire tubes to ignite adJacent combustors.

3196
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Effect of Cross-Fire-Tube Dliameter

The degree of success of flame propegation 1s dependent on the ability of the
flowing gases to support cambustion and is therefore subject to the mixing and quench-
ing varisbles previously discussed in connection with ignition. Inflammability
limits of propane-sir mixtures in terms of pressure for various tube diameters are
presented in chapter IIT (fig. III-8). With an optimm propane-air mixture, the
presgure limit at which propagation could occur decreased from 4.0 to 0.8 inch of
mercury absolute when the tube diameter 'was enlarged from 0.63 to 2.6 inches.

Investigations with various full-scale engines in both altitude research facili-
tles and flight tests show a simller effect of tube diameter on fleme propagetion lim-
its. The results of a representative investigation with a typical turbojet engine in
an gltitude chamber are shown in figure 41. The altitude flame propegetion limits
ere shown for & range of f]igh'b Mach number for three cross-fire-tube diameters. An

increase in diameter from — to 13 inches increased the gltitude limits at £light Mach

numbers of 0.4 to 0.8 fram 30,000 to 45,000 feet. Increasing the diameter to 2
Inches resulted in successful propagetion to the meximum altitude at which ignition
was cobtalnable, 55,000 feet. However, these high-altitude propagation limits were
obtained only with considersble manusl throttle menipulation.

Effect of Cross-Flre-Tube Location

The location of cross-fire tubes with respect to fuel-spray pattern and combus-
tion flame front is important. The investigation concerning cross-fire-tube diameter
also included data on tube location (ref. 5). The propagation limits for three axtal
locations of the 2-inch-diameter cross-fire tube is shown in figure 42. As the tube
was moved from the standard location of 5 inches downstream of the fuel-nozzle tip
to 7.5 and 10 inches downstream, there was & progressive drop in propagation limits
from an average altitude of about 55,000 to 45,000 feet. These results suggest that
for any particuler combinstion of combustor and fuel-nozzle design there is an opti-
mum location of the cross-fire tubes.

Effect of Fuel Atomization end Volatility

The requirement of a proper vapor fuel-sir mixture concentration for optimum
flame propagation velocities, as discussed in chapters IV and V, indicates the im-
portance of . fuel atamization and volatllity as influencing factors in fleme propaga-
tion. The effect of fuel atomization on propagetion at sea-level starting conditions
is demonstrated in reference 1l. The time required for full fleme conditions to be

.established In all 14 combustors of the J33 turbojet engine was cut in half by de-

creasing fuel-nozzle size from 40 to 10.5 gallons per hour (100 Lb/sq. in. pressure
differential) using AN-F-32 fuel (MIL-F-5616, grade JP-1). The effect of fuel atom-
ization at altitude conditions over a range of flight Mach numbers was gualitatively
investigated by compering propagation limits with three different types of fuel noz-
zle in a typical turbojet engine (ref. 5). The data cbtained are plotted in figure

43. The cross-fire tubes used were lé-inches in diameter (la.rger than the standard

7/8 in.-diam. size for this engine) The difference in propagation limits was sma.ll,
but the nozzles producing the finest atomization (simplex, 5- gal/hr) provided the
maximum limits over the entlire renge of flight speeds Investigated.

The effect of fuel volatility was obtained in the seme engine using stendand
cross-fire tubés and variable-ares fuel nozzles. Figure 44 shows the propagation limit
increased gbout 5000 feet for an increase In Reld vapor pressure from 1.0 to 6.2
pounds per square inch. HResults reported in reference 14 show that the fuel-air
ratios required for propagation o occur in g full-scale engine varied with fuel vola-
t1lity, as best indicated by the distillation curves of the fuels rather than by Reid
vepor pressure.
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It 18 slsa reported in reference 14 that the winimum time for propagetion in-
creased from less than 2 seconds to 14 seconds as the fuel volatility increased, as
indicated by the dlstillation curves. This phenomenon 1s explained by the mechanism
of fleme crossover previously discussed. High-volstility fuels ignite at lower fuel-
alr ratiocs. Thus, the pressure difference to propagate flame through the crossover
tubes is less, and longer propagation times result. The time for propegetion was
also grester at high sltitudes {above 45,000 f£t).

The data available concerning flame propagation through cross-fire tubes indicate
that proper concentration of vaporized fuel-alr mixtures and large-diameter cross-fire
tubes, short as possible to keep gquenching effects to a minimum, properly located in
the combustor liner are primary factors in providing meximm altitude propagetion
limitse.

ACCELERATTON

The third phase of a successful engine start is the acceleration of the
compressor-turbine combination to steedy-state operasting levels. Thie acceleration
18 accomplished by increasing the fuel rate, thus raising the turhine-inlet-air tem-~
perature and pressure and providing the necessary power, The acceleration problem
can be separated into two phases: accelerstion from the low speeds at which flame
propegation was accomplished to normal opersting speeds and acceleration from one
steady-state speed to & higher value. The time requlired for acceleration from start-
ing rotor speed 1is apt to be several times longer than acceleration from 50-percent
rotor speed to maXlmum rotor speed; however, both phases of acceleration are influ-
enced by the same varlgbles. The discussion of acceleration in this chapter does not
differentiate between these two phases.

The three mein factorse conbrolling the rate of acceleratlon are compressor surge
and stall, combustion blow-out, and the meximum allowasble turbine-inlet temperature.
Successful acceleration is accomplished by adding fuel in such a manner that the
compressor-turbine combination speeds up in & minimum time without exceeding the mex-
imum alloweble turbine temperature. Compressor surge is cheracterized by s sudden re-
duction and severe fluctuation of pressure throughout the engine, & decrease of air
flow, and excessively high turbine-outlet temperatures. During acceleraticn, the
compressor-outlet pressure lncreases to a value above the steady-state value because
of high turbine-inlet temperatures and, without cccurrence of surge, remains bhigher
throughout most of the transient. The pressure ratlo that is tolerated by the com-
pressor without flow breskdown is Iimited, and as a result, the rate of acceleration
is limited by the surge characteristics of the compressor. Also, lnasmuch as fuel
can be added rapidly enough to reach the rich-limit fuel-air ratio, combustion blow-
out can limlt acceleration.

The discussion of acceleration is dlvided inbo two categories, full-scale-engine
results and single-combustor resulits. The effects of operating vaeriables and engline
components, Iincluding control systems, are assessed. The slngle-combustor results
are discussed with regard to their application to englne acceleration problems.

Engine Inveatlgatlons

The hypothesis 1s made 1n reference 22 that the dynamics &f e turbojet engine
during acceleration might be considered as e series of equillbrium states. Equatlons
are developed that foretell the transient behavior of the engine variables as a func-
tion of engine rotor speed and fuel flow. However, deviations between cbserved and
predicted performance were found, especislly for rapid accelerstion rates, that indi-
cate the assumpbtion of quasl-static processes is not rigid.

319e
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In the experimental engine lnvestigations covered in the discussion presented
herein, the translent behavior of englne varigbles such as compreasor-turblne rotor
speed, compressor-outlet pressure, fuel flow, turblne-outlet temperature and pressure,
and exhaust-nozzle area were measured by means of oscillographs, which continuously
recorded the change of each variable during acceleration. Anslysis of the data ob-
teined in this manner shows that good correlation exists between steady-state surge
and surge obtained by means of transients.

A steady-state operatlng line, compressor surge cheracteristics, and typlical
veriation of compressor pressure ratio with corrected rotor speed for two transients
for a J40 turbojet englne are presented 1n figure 45. This plot shows the relea-
tion exlsting among the various engine operating lines. Successful acceleration with
no surge encountered is shown as run 1, where the rotor speed before accelerstion was
6300 rpm. During the initial part of the transient, the pressure ratio increased very
repidly with little change in engine speed. Then the engine speed begen increasing
et a normal rate and the surge line wes espproached but not reached. Slince the recov-
ery line is below the steady-state line (in terms of pressure ratio for a given engine
speed.), the compressor can recover from surge only when the pressure ratio 1s reduced
below the steady-state value &t & glven engine speed. Recovery can be accompllished
by reducing fuel flow, or by incressing rotor speed without increasing pressure ratio
by permitting the engine to accelerate through surge, iIf posslible. An example of
recovery by accelerating through surge is run 2, where surge was encountered during
the initial part of the fuel transient because the steady-state line and surge line
are close together at this low speed. After surge was encountered, the fuel flow
remained constant and the englne speed Increased slowly wlth 1lttle increase in pres-
sure ratlo until the recovery line was met; then the engine accelerated i1n a normal
menner with pressure ratlio lncreasing rapidly until full speed was attained. This
method of acceleration required substentially more time for the transient to teke
place than would acceleration with no surge. Of course, 1f blow-cut had occurred
during surge, acceleration would cease and decelerstion to windmllling speed would
heve followed.

The fact that all engines do not have the same sensitivity to compressor surge
is shown by an investigation of a similar engine, a J34 engine, in which acceleration
was sccompllished in the shortest time at an altlitude of 40,000 feet by passing through
surge rather than avolding it (unpublished data). This method of acceleration was
successful with this engine because the surge encountered was not severe enough to
cause a complete flow breakdown et these operating conditions. However, this method
is not recommended, because vibrations and temperature pulses accompanying surge could
result in shortening the structural life of the engline.

Typical accelerations have been described and the relatlon existing among the
verlous engine operating pexemeters hes been discussed. The many factors influencing
acceleration and thelr effects on acceleration are discussed ino the followlng

paragraphs:

Compressor-turbine speed. - The effect of rotor speed on acceleration can be
seen by referring to figure 45. The excess power avallable for ecceleratlon, in-
dicated by the distence between the steady-state operating line and the surge line,
was considsrably lessened as rotor speed was reduced. Thus, the amount of power
avallsble for acceleration decreassed with decressing rotor speed. It 1s noted that
pressure-ratio margin is only an approximate index of englne acceleration capebility,
at least wlth some engines. One investigetion of an axial-flow engine with inlet
guide vanes closed showed little or no change in maximm acceleration rate with an
increase in engine speed and pressure-ratioc margln (ref. 23}.
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Opereting sltitude. - The rate of engine acceleration is dependent upon the in-
ertia and friction of the roteting parts, the ram energy of the engine-inlet air , the
internsl serodynamic friction of the engine, and the excess power availsble. As alti-
tude 18 increased, the alr flow, the rem energy of the air, the internal aserodynamic
frictlion, and the excess power developed by the turbine all decréase, but the inertia
and mechanicel friction of the rotating parts remain constant. In addition, as alti-
tude is increased the stesdy-state pressure ratic increases (for & constent exhaust-
nozzle sree), while the surge line remains unaffected or does not change as much as
the steady-state line. As a general rule, the pressure-ratic margln botween steady-
state and surge naArrows, resulting in s decrease in available power and fuel-input
margin for acceleration.

The time required to asccelerate a J47 engine at varlous altitudes is shown in
figure 46 where time is plotted against percent of rated rotor speed for several
altitudes at constant initial flight Mach number (unpublished data). At an altitude
of 15,000 feet, an acceleration from 76 percent rated speed to 100 percent rated
speed requlred & secomds; whereas, at 45,000 feet, the time required for the same ec-
celeration was 40 seconds. Above an altitude of about 30,000 feet, manual control of
the sccelerstion was necessary, since the engine control system advanced the throttle
too fast, causlng tompressor surge.

Above 35,000 feet, very rapld throttle advances usually resulted in combustion
blow-out. Blow-out became more severe as altitude wes lncreased. More severe surges
mey also be encountered at higher altitudes since, with less fuel wargin between
steady state and surge avallable, a throttle burst may force the pressure-ratio far-
ther into the surge region than at low altitudes. Qther aspects of the combustlon
process are presented in the discussion of the results obtalned with single-combustor

apparatus. . -

Flight Mach number. - A reduction in time required for acceleration can be ac-
complished by incressing the alr flow through the engine and by increasing the pres-
sure ratio @cross the turbine. The maximum pressure ratic obtalnable across the tur-
bine is a measure of meximum power available for acceleration. Increasing flight Mach
number adds alr flow because of ram effects and also sllows a greéater turblne pressure
ratio for a glven exhaust-nozzle area. Hence, increasing flight Mach number has =
widening effect on the distance between the steady-state and surge lines similsxr to
the effect of decressing altitude. The effect of flight Mach number on the accelera-
tion of a J47 englne 1s shown in figure 47 for three Mach numbers at a constant
altitude of 40,000 feet (unpublished data). At a Mach number of 0.37 acceleration
from 76 to 97 percent of rated speed required 22 secounds, while at a Mach number of
0.62 only 9 seconds were required. .. : :

Exhaust-nozzle sxea. - The primary purpose of a veriable-area exhaust nozzle is
to modulste thrust with constant engine speed. A varlable-area exhaust nozzle also
allows more power for dicceleration by decreasing the turbine-outlet pressure. The
effect of exhaust-nozzle ares on acceleration time 18 presented in figure 48 for
a J47 englne (ref. 24) at two altitudes and at a flight Mach number of 0.19. At an
altitude. of 15,000 feet, acceleration time was 13.5 seconds for the variable-area
nozzle as compared with 18 secornds for the constant-ares nozzle. Ab 45,000 feet, the
acceleration times for the two nozzles were 22 and 35 seconds, respectively. Another
investigation (unpublished date) of & J47 engine reported that when the exhaust-
nozzle area waes increased by 50 percent, the acceleration tlmes at 35,000 and 45,000
feet were reduced 50 and 35 percent, respectively. Thus, use of maximum exhaust-
nozzle area greatly reduces acceleration time, but acceleration times at high-altitude
operation are still long. Maxdmum altitude ignition 1imite are obtalned with & mindi-
mum exheust-nozzle aree (condition of highest combustor pressure); therefore, the
vaxrisble-sres nozzle is closed during starting and opened wide during acceleratlon.

-
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Inlet gulde vanes. - The use of variable inlet gulde vanes ahead of the compres-
sor for the purpose of ilmproving acceleration characteristics is suggested by analy-
gls in reference 25. Experimental data demonstrating the effectiveness of vanes. were
obtalned with an exdal-flow turbojet engine in reference 23. Results obtained are
shown in figure 49 where maximum acceleration rate is plotted as a function of en-
glne rotor speed for three inlet-veane positions. Maximum accelerstion rate increased
considerably as the vanes were closed, especlally in the low-speed range. For any
vane setting, lerger fuel steps result in higher maximum acceleration rates, and since
much larger fuel steps are permitted (before surge occurs) with the vanes closed,
faster accelerations were attalned. As & general rule, surge characteristics of vir-
tually all engines are improved in the low-rotor-speed range by uee of inlet gulde
vanes, but not necessarily in the bhigh-rotor-speed range. However, the vanes may not
always allow increased acceleration rates, since fuel-step size may be Iimiting at
high altitudes because of combustion blow-out. ’

The effects of inlet-eair pressure distortion on the operational characteristics
of the englne were also observed. Either.redisl or circumferential dlstortlions with
the gulde vanes open reduced both surge-fuel-flow end compression-retio lines, and
thus resulted in & decrease in the maximum accelerastion rate of sbout 17 percent at
a rotor speed of 7000 rpm. However, all engines do not behave in this manner; ac-
celeration characteristlics of some have been lmproved by radlal distortions.

Control systems. - The function of en engine control system is to ensure engine
opergtion at optimum settings of all englne variables at any glven opersatling condl-
tlon, coneidering operatlional, performance, and safety factors. The values of the
various englne parameters are used to control fuel input and exhaust-nozzle positlon.
Several investigatione wlith different englnes have shown that, in general, meximum
acceleration was obtained near surge (refs. 26 to 28). The investigation of an early
J47 engine reported ln reference 24 showed that combustion blow-out data correlsated
wlth compressor surge. Thias relation can then be used to obtaln optimum acceleration
cherecteristics wilth protectlion from surge and blow-out. A number of englne-persmeter
comblnations mlight be used as control schedules; the cholce would depend on the char-
acteristics of the particuler englne considered and the range of operating conditions
desired.

An exsmple of accelerstion using the relation between fuel flow and compressor-
outlet total pressure (altitude compensated) for the JA7D englne is shown in flgure
50. A steady-state operating line, the highest permissible setting of the msximum
fuel limit, and the path of a typlcal throttle-burst acceleration as governed by the
electronic control are also shown. The fuel flow increased from point A at the be-
glnning of the throttle burst to the limit curve BCD, followed 1t as the compressor-
outlet pressure lncreased wlth rotor speed untll at point D the twrbine-outlet tem-
perature limit wes reached, reducing the flow to the steady-state value. The loop in
the curve near the steady-state line was caused by the control seeking egquilibrium
conditions. In this manner engine controls can be scheduled to pravide fast accelera-
tions with a minimum chence of encoumtering surge or blow-out.

An aspect of englne behavlior that complicates the Job of this type of control i1s
reproduciblility. Acceleration date obtelned with three engines are compared in ref-
erence 23. Two different engines of the same model and the same engine before and
after dismentlling and rebullding were used. The maximum acceleration rate varlied
through a two-fold range asmong these englnes at a glven rotor speed and en altlitude
of 35,000 feet., The varliatlon in abllity to accelerate was due to shifting surge
lines; the pressure-ratioc margin wes different with each engine. The acceleration
characteristics of axlsl-flow englnes are eapperently quite semsitive to accumulatlion
of tolerance errors or assembly clearences.
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Another type of engline control based on & detectable signel from pressure tran-
sient or blade-stress phenomene that would warn of impending stall or surge is dis-
cussed in reference 27. For the englne investigated, the only stall warning observed =
was in & 1dmited speed range. Engine controls of this type would be feasible if a R
reliable werning signal could be found. T

The minimum fuel-flow setting must be considered for proper control. deslign, as
discussed 1n reference 29. A minimum fuel flow must be set on the control to prevent
lean combustion blow-cut and allow sufficient fuel flow for englne starting. Per-
formence penalties at high altitude can be Incurred, however. A filxed minimum fuel
flow could result in an altitude celling below that desired since this fixed flow ad
might be slightly sbove the flow reguired for steady-state operation. Overtempera-
ture of the turbine or overspeeding of the englne might result. These difficulties
can be overcome by varying the minimum fuel-flow setting with total inlet pressure
to avold lean-limit blow-out wilithout restricting performence at high altitudes.

3198

Single-Combustor Investigations

The date . discussed in this section resulted from six investigations. Combustion
chambers from the 19XB-2 and early J47 turbojet engines were used to show the amount
of temperature rise aveilsble for acceleration at high-altitude steady-state opera-
tion (unavailable NACA publications), Reference 30 presents data obtained in small-
scaele laborastory burners with a number of fuels in an effort to determine the be-
haevior of the combustion process during fuel acceleration. Transient combustion
characteristics were also studled in a series of thres investigations (refs. 31, 32,
and 33) with both J35 and J47 production combustors. . o _ L

Turbojet engines have steady-state altitude cellings that are lmposed by the
ability of the combustion process to supply sufficlent heat to operate the turbine. ~
This meximum altitude is usually referred to as the altitude operatlonal limit and
varies for different engines. An example of such an altitude operational limit for
an early engine, the 18XB-1 engine, 18 shown in figure 51. Included on the figure
ere lines of excess temperature rise avallsble for acceleration, that is, the maximum
temperature rise produced by the combustor minus the temperature rise required to
operate the turbilne at the particular rotor-speed ~ altitude condltion. It is ep-
parent that the amount of temperature rise evallable for acceleratlon decreases as
the altitude operational limit is approached, which means thet acceleration of the
englne would become prc:gressively moxre sluggish until little or no acceleration would
occur. - =

Date obtained in the J47 combustion rig indicate that, at a 30,000~foot altitude,
acceleration was limited at low rotor speeds by the abllity of the combustor to pro-
duce temperature rise, whereas, at high rotor speeds, the maxlimum allowable turbine-
inlet temperature was restricting. This effect 1s due to the combustor-inlet condi-
tlons at low rotor speeds belng more severe toward the combustion process. As rotor
speed is increased at a constant altitude, the inlet conditions become less severe, -
as indicated by the shape of the altltude-operatlional-limit curve shown in figure
51. A discussion of altitude operational limits end the combustor-inlet-parameter
effects on combustlon performence is presented in reference 34. This inabllity of the
combustion process to supply sufficient heat at low rotor speeds and at conditions
near the altitude operatianal limlts coupled with the smaller mergin between steady- -
stete and compressor surge lines, as polnted out previocusly in this chepter, indicates
the difficulty of obtaining acceleration at high altltude and low rotor speeds. g

The small-scale lsboratory burners {ref. 30) were 2- and 3-inch-dismeter combus-

tors of varying design. The dsta were obtalined for the followling combustor-inlet air
and fuel conditions: pressures verying from 16 to 49 lnches of mercury absolute, air -
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flows from 0.04 1o 0.10 pound per second, fuel accelerations up to fuel-air ratio
changes per second of 0.6, constent inlet conditions, and conditions of increasing
pressure &s supplied by the temperature rise. The fuel types studlied inecluded nor-
mal paraffin, isoperaffin, olefin, production jet fuels, propylene oxide, isopropyl
chloride, isopropyl alcohol, and various blends. Data obtelined showed thet unsteady-
state blow-out and maximum temperature rise, though not reproducible, were as high
as or higher than steady-state blow-out temperatures for all burner operating condi-
tions and fuels used.

The production combustor date were obtained with MIL-F-5624A, grade JP-4, fuel
at part-throttle altitude conditions. A motor-driven fuel valve that produced fuel
input changes (with time) of varylng slope and magnitude wes employed. The combustor
fuel flows, tewmperatures, and pressures were recorded by fast-response instrumenta-
tion that provided a continuous recording of these varlsbles with time during the fuel
transients. The system was simller to recording proceduree for the full-scale-engine
data. Osclllograph records typlcel of those obtained with the production combustors
are presented in flgure 52. :

The first investigation in the series used a J35 combustor with a dual-entry
duplex fuel nozzle'(ref. 31). Deta were cbtained at the two similated-eltitude -
rotor-speed conditions of & 25,000-foot altitude with 70-percent rated rotor speed
and. a 50,000-foot altitude with 70-percent rated rotor speed. The second in the se-
ries studled the effect of axial position of the combustor liner with respect to the
nozzle using the same combustor and fuel nozzle operated at the same altitude - rotor-
speed conditions (ref. 32)}. In the third investigation, a J47 combustlon chamber and
four dlfferent fuel nozzles were used (ref. 33). Data were teken at conditions simu-
lating 35,000~ and 45,000-foot eltitudes at 58-percent rated rotor speed.

Results observed wlth the J35 engine and the dual-entry duplex nozzle showed
that combustlon may follow one of three transient response paths as a resuls of in-
crease in fuel-flow rate: (1) successful acceleration with sustained burning at
higher levels of temperature, pressure, and fuel-ailr ratio; (2) momentarlly success-
ful accelerstion to higher temperatures, pressure, and fuel-alr ratlo followed by
combustion blow-out; and (3) lmnediate cessation of burning without any temperature
or pressure rise.

In paths (1) and (2), the inlet-alr pressure and outlet temperature Tirst de-
creased and then lncreased with an increase in fuel-flow rate. This initiasl dip in
temperature, or the time necessary for the temperature to recover to its initial
value at the start of the acceleration, aversged sbout 2.0. seconds gt an altitude of
50,000 feet and 0.2 second at an altitude of 25,000 feet at comparable engine rotor
speeds. A temperature and pressure dip of such short duration as this would probsbly
have 1ittle effect on the engine speed, but 1f the engine control used turbine-inlet
conditions as an indicatlion of the amount of fuel reguired during acceleration, too
much fuel input might possibly be supplied, foreing the combustion farther toward
rich-limlit blow-out. ZEven at sea-level static conditlions, delsy times of about 0.03
gecond. were observed in acceleration tests of an engine; these delays consisted of
time for fuel transport end the combustion process (ref. 27). The delay was listed
as one of the factors making proper engine control difficult.

Typicel date from osclllograph records obtained at the simulated-3S,000-foot-
altlitude test condition for the J47 combustor are presented in figure 53. The
veriations of fuel flow, combustor-outlet temperature (a.s indicated by e single com-
peunsated thermocouple), and combustor-inlet static pressure during sccelerations with
each of the four nozzlee are shown. Similar response paths were obtelined in both the
J47 end J35 combustors with the dusl-entry duplex nozzle. In figure 53(a), the
twa runs correspond to response psths (1) end (3) previously listed. The response
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characterlstlics with the other three nozzles, a single-entry duplex and two simplex,
vere different. Combustor-outlet temperatures and inlet-static pressures 4id not
follow the dip and rise pattern in response to added fuel; during succeasful accelera-
tions they lncreased immediately. However, response lag waa still present, since the
temperature and pressure did not respond as rapidly as the fuel could be added with-~
out blow-out. At a 35,000-foot simulated altitude with the fuel added in 0.12 sec-
ond, the time requlired to reach the final temperature varied with the individual noz-
zle. The shortest time waa 2 seconds, and the longeat sbout 10 seconds. These re-
sponse lage could account for an spprecisble portion of the time required to accelerate
an englne at altitude and probebly interfere with the operation of control systems.

Acceleration rate, calculated as the change in fuel-alr ratio per unlt time, is
plotted against fuel-alr ratio at the end of acceleration in figure 54 for the
slmulated 45,000~-foct-altitude - part-throttle condltion. These data were obtained
in the J47 combustor operated with four fuel nozzles (ref. 33). The range of steady-
state rich-blow-oub fuel-alr retles is included on the figure. Unsuccessful accelera-
tiona were abserved wilth the dual-entry duplex nozzle. (A line is falred through the
date to represent limlts of succesaful acceleration.) Acceleration limite were found
with the dual-entry duplex nozzle in both the J35 and J47 combustors. However, no
ldmite were observed in the J35 combustor when the nozzle was retracted until the noz-
zle tip was flush with the contour of the liner inner dome wall (ref. 32).

No unsuccessful acceleratlions were found with the other three nozzles in the
range of conditlions lunveatigated, except when the final fuel-eir ratios were within
the steady-state rich-blow-out range (fig. 54). For successful acceleration, then,
the final fuel-air ratioc after acceleration must always be belaw the steady-state
rich-blow-ocut Iimits.

Photographic evidence was presented that showed the dual-entry duplex nozzle
ceasged flow oubtput for gbout 0.03 ta 0.04 second immedlately after the start of the
acceleration; the other nozzles had no such interruption (ref. 33). The unsuccess-
ful acceleratione and "dead time" response cobserved with this nozzle were attributed
to this flow lunterruption. The fact that no unsuccessful accelerations were found
when the nozzle was retracted was sbtrlbuted to lncressing fusl wash on the liner
walls. The larger amount of fuel wash acted as a reservolr durlng acceleration which
counteracted the fuel interruption effects. It was suggested that combustion fallures
during high-altitude acceleration cannot bhe abtiributed to tranaient flow effects on
the ability of the combustion process to produce temperature rise, but are due to
rich-blow-qut limitation or dlscontinuity in fuel delivery, which is a function of
the fuel nozzle used. This conclusion is supported by the leboratory burner dete
dlscussed previously (ref. 30).

Steady-state combustion-efflclency performance before acceleration was shown
to be no rellable criterion for judging translent performaence, because the best ef-
ficiencies were cbtained with the ‘dual-entry nozzle which gave the unsuccessful ac-
celeration data.

In summary, then, combustion failures durling acceleration are not due to tran-
glent fuel-input effects on combustlion, but are caused by fuel-alr ratlios attaining
the steady-state rich-blow-out Ilimits or melfunctioning of the fuel injector system.
However, during acceleration, combustor-outlet temperatures and pressures do not re-
spond as rapldly as fuel can be added, an aspect of combustion bebavicr that mekes
control of engine acceleration difficult and affects the rate of englne acceleration
et high altitude.

3196
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ANATYSTS

According to the previously discussed single-combustor investigations, combus-
tion blow-out during acceleration is not a transient combustion phenomenon induced
by the fuel change, but a steady-state limitation. It should then be possible to
predict (with certain assumptions) the acceleration performance of a combustion and
engine system wltk a knowledge of the steady-state fuel-slr-ratio operating limits
of the combustor and the characterlstice of the compressor in the englne.

The operating limits for e J47 combustor in terms of combustor inlet-ailr verl-
ables and fuel-alr ratio are shown in figure 55. These blow-out date are reported
in reference 35. The combustlion parameter used as the ordinate scale in figure 55
1s presented in reference 36, and it provides a common basls to evaluate combustion
performance of any combustion system ln terms of inlet-alr varliebles. The value of
this peremeter is given by temperature (CR) multiplied by pressure (lb/sqg ft abs)
divided by reference velocity (ft/sec). The velocity 1s based on maximum cross-
sectional combustor area and inlet-air density. '

A compressar performance mep for an early version of the JA7 engine is ghown 1n
figure 56. Included on the figure are turbine-inlet to compressor-inlet
temperature-retia lines; alsa, a part-throttle operating line for the engine at an
altitude of 36,000 feet (or higher) at a flight Mach number of 0.6. By assuming that
acceleration from any point along this part-throttle operating line would follow a
constant-rotor-speed line untll either surge, excessive turbine-inlet temperatures,
or combustor blow-out limited the lncrease in compression retio, it 1s possible to
establish the location of a limiting turblne-~-temperature line and a blow-out line.
The limiting turbine line is determined by the temperature-ratlo lines, since the
compressor-inlet temperature 1s constant and calculeble for stratosphere operation
at a steady flight speed. The turbine limiting temperature waes assumed to be 1600° F.
By calculeting the combustion-parameter velue for e given altitude and rotor speed
existing on the part-throttle line, the operating fuel-air-ratio range can be deter-
mined from figure 55. With & constant combustion efficiency assumed for the par-
ticular combustion-parameter value, the tempereture rlse through the combustor at
the fuel-alr ratio casusing blow-oubt can be located by interpolation emong the
temperaturé-ratio Ilines. This method demands that an appropriate combustion-

‘efflclency value be assumed and that the lncresse in compression ratio does not take

place untll the edded fuel necessary for the acceleration is injJected. Because the
combustion-parameter value would lncreese as compression ratio increased, the latter
assumption might show the combustion environment to be more severe than it 1s.

The results are presented in figure 57 where compression ratio is plotted
agelnst corrected rotor speed. The surge line, part-throttle operating line, turbine-
inlet temperature-limlt line, and blow-out-limit lines for altitudes of 30,000,
40,000, and 50,000 feet are shown. The 30,000-foot-altitude cendition is not exactly
on the part-throttle line, becausz this eltitude is below the tropopause, but this
divergence would not significently influence the trends observed. The barred regions
on the plot show the range of englne rotor speed for the three altitudes where blow-
out would limit acceleratlion; that ls, the added fuel would reach the steady-state
fuel-ailr-ratic limits before surge or & temperature of 1600° F at the burbine inlet
would be attained. For each altitude, acceleration at higher rotor speeds then cov-
ered by the barred region slong the pert-throttle line would be limited by surge or
turblne temperature.

Tha snglysis of this particular englne opersting at Mech 0.6 shows that cowbus-
tion blow-aut would not be encountered during acceleration et rotor speeds of 4000
rpm or greabter until an eltitude of at least 30,000 feet would be reached. The analy-
sls also shows that combustion bhlow-out occurs near the surge line. Investligation of
the sacceleratlon characteristics of a simller J47 engine presented ln reference 24
showed that blow-out was prevalent sbove an altitude of 35,000 feet and that blow-out
and surge occurred at the same values of compression rgtic. Some blow-outs were
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observed at rotor speeda grester than figure 57 would predict, an effect which
mlght be explained if the turbine-inlet temperature was allowed to go gbove 1800° F.
Since the blow-out lines are between the turbine temperatura limitation and surge
line st rotor speeds s&bove 6500 rpm, blow-out would occur before surge. From this
analysis of one engine, this method of predicting acceleration characteristics would
appear to be accurate enough to provide a general. ides of the performance of a par-
tlcular compressor-caombustor system.

SIGNIFICANCE OF RESULTS IN RELATION TO DESIGN

The resulits obtained from both the single-combustor and full-ecale-turbojet-
engine investigations of the effect of many varlables on starting and acceleration
characteristlics reveal information which i1s useful to the engine designer. '

Fuel spray nozzles designed to provide finer atomization, perticularly at the
low fuel flows encountered at engine sterting conditions, amre desirable. It was
shown that finer atomization reduced minimum starting fuel flows, ignition spark
energles, lgnition pressure limits, and time to spread the flame around an englne.
Fine atomization is particularly desirsble for engline starting conditions where pres-
sures and tempersastures are low and combustor reference velocities are high. ILow-
volatility fuels should be even more finely atomlzed than high-volatility fuels for
eagse of ignition.

The spark energy required for ignition incressed with decrease in pressure, tem-
perature, and fuel volatility and with lrcrease in reference velocity. Reductions
in the spark energy required were sccomplished by shlelding the spark gap from local
high edr velocity and turbulence. Differences in the spark energy required were
found for different—ignition supply systems and different combustor designs. It was
better to trade high spark-repetition rates at low energy per apark for low repeti-
tion rate at high energy per spark in order to obialn lower power input. Size and
welght of an ignition system limit the meximm spark energy that can be obtained prac-
tically (approximately 10 joules).

The use of chemicals for ignition appears attractive since s large gquantity of
energy can be provided by a small quantlity of chemical. Tests with aluminum boro-
hydride illustrated that excellent lgnition limits are atiainable; however, many
injector-design and logistlc problems have not been studled.

The altitude limlts of flame propagetion through cross-flre tubes on engines
requiring them increased with incresse in tube diameter, flneness of fuel atomiza~
tion, and fuel volatility. In addition, there was an optimum axial position of the
crogss-fire tube in the combustor.

The function of a turbojet-engine control syatem is to assure engine operation
at optimum settings of all engine variables during steady-state and transient condi-
tlions. Fuel input and englne variable components are controlled with conslderation
for englne performance and safety factors. The three maln factors limiting the ac-
celeration rate of an engine are compressor instability, combustion blow-out, and
meximum alloweble turbine-inlet temperature. Several relations have been establlished
in full-scale-engine transient studies. Translent compressor surge correlsated with
steady-state surge and also with transient combustor blow-out for one particular en-
gine. Acceleration (as limited by surge and blow-out) is more critical at low rotor
speeda and high altitudes. The time required for acceleration ls lesse at high f£light
speeds and can be decreased by emplcylng varliable-ares exhaust nozzle.

Several combustlian characteristics influence engine acceleration. The amount
of temperature rise available for acceleration will be limlited at high altitudes
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near the asteady-stete operstional limits of the engine. Combustor tempersbure and
pregsure decreases observed at the beginning of fuel accelerstion with one fuel-
nozzle-combustor comblnation may result in excessive fuel input by the engine con-
trol. With all the nozzle-combustor combinstions investlgated, lag in temperature
and pressure responses were chserved which would hemper engine control operation.
These lag times were sufficient to sccount for an apprecisble portion of the total
time required to acceleraste en engine at high eltitude. Combustion failures during
acceleration were caused by fuel-glr ratios attalning steady-state rich-blow-out
values or by discontinultlies 1n fuel flow from the nozzles. Any change in engine
component performance or aperating conditions that would be detrimental to the cam-
bustlion envirconment would be reflected, therefore, in poorer accelerstion performance
of the combustor.
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TABLE II. - FUEL INSPECTION DATA

Property’ NACA fuel
"JP-1 [49-162|50-174 {51-196 [51-194 |51-182 [51-190 |50-197 |52-58 51-38| JP-3 JP-4
A3.T.M, gistillaticm B
D86-48,"F . - :
Initial bolling point 340 108 114 109 94 128 129 181| 134 113 117 133
Percentage evapaorated :
+ 5 350 135 128 138 122 292 192 242 183 146 155 201
10 356 158 138 250 144 337 241 271 200 169 187 224
20 380 210 149 343 204 350 329 300| 225 198 234 250
30 364 270 160 356 325 355| 355 319 244 218 266 268
40 387 323 174 - 364 392 360 368 332| 263 238 291 286
50 3715 360 188 372 426 365 375 351|f 278 : 254 312 303
60 380 398 204 381 454 370 384 365| 301 270 333 322
70 384 432 231 393 473 377 596 381| 321 293 358 344
80 391 460 330 412 488 385 417 405 | 347 325 324 375
20 402 500 439 452 517 402 455, 441 4004 388 449 421
Pinel bolling point 440 584 533 530 565 443 523 508 498 473 523 4B6
Residue, paroent 1.0 1.0 1.0 1.0 1.3 l.2
Loss, percent 1.0 1.0 1.0 l.a 1.3 0.3
Freezing point, F <-76| <-76| ~72 <78
Accalerated gum, mg/100 ml Q 16
Alr-jet residue, mg/100 ml 1
Sulfer, percent by welght <0.02 -<0.50
Aromaties, pereent by velume
D875-48T 15 25
Silice gel 15 31 5.7
Specific gravity 0.831} 0.801] 0.725] 0.749| 0.749| 0.754 | 0.752] 0.780(0.757] 0.742} 0.765| 0.760
Viscosity, centaatokeu 9.2{ 4.1 1.865| 8.0l 8.04| 8.B8{ 8.02 .
at -400 F/lOO b 1.305| 1.299) 1.524] 1.203| 1.060.763
Bromine number 0 12 0.9 .
Reld vapor pressure, ] ’
lb/sq in. (a){ 4.5 6.5 6.8 6.5 2.9 2.7 1.0 2.9 8.2 5.4 2.8
Hydrogen-carbonratio -0.154 | 0.150} 0.172 0.172| 0.170] 0.171
Net heat of combustion .
Btu/1b 18,530 (18,500 8,783 (18,700 {18,730

4ot meesursble.
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Figure 15. - Effect of combustor-inlet eir and fuel temperature on minimum spark
energy required for ignition of six fuels of different volatility characteristics.
Simulated J33 engine cranking speed, 9 percent of normal rated speed; statlic sea-
level conditions; air flow, 1.38 to 1.68 pounds per second per square foot;
cambustor-inlet total pressure, 31.3 to 31.6 inches of mercury absolute; 10.5-

gallon-per-hour, fixed-aree fuel nozzle; sparking rate, 8 sparks per second (ref. 4).
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Figure 17. - Effect of altitude on minimum starting fuel
flow in single J33 combustor at three engine speeds.
Flight Mach number, 0.6; NACA fuel 49-162; fixed-area
fuel nozzle; mpark energy, constant (deta from ref. 1).
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Figure 18. - Effect of air-flow rate and pressure on spark

energy required for ignition in single tubuler J33 corbus-
tor.
-40° F; grade JP-3 fuel (NACA fuel 50-174); varisble-area
fuel nozzle; sparking rate, 8 sparks per second (ref, 2).
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Figure 19. - Compariscn of boundaries of ignition end burning limite of single
tubular J33 combustor. Inlet-air temperature, -10° F; inlet-fuel temperature,
-40° P; grade JP-3 fuel (NACA fuel 50-174); varlable-ares fuel nozzle; aparking
rate, 8 sparks per second (ref. 2).
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FPigure 20. - Minimum spark energy required for ignitlon as fumction of
canbustor-inlet pressure and velocity. Cambustor-inlet air temperature,
-10° F; combustor-inlet fuel temperature, -40° F; grade JP-3 fuel (NACA
fuel 50-174); verisble-ares fuel nozzle; sparking rate, 8 sparks per

second (ref. 4).



e e} NACA RM E55G28
Ignition
No ignition
1600 ————Engine limit of maximum
fuel flow
-~
1200 ’.;
.
-
5EL
800 - —~
p Qe
-
F=MUNED
400
@ @
0
(a) Altitude, 50,000 feet.
2000 L
9 D
’,
1600 —
O
V4
Sl &/ 8 o
4
/ s
1200 - <
Bl -
5 — ‘*' - 4
4
3 s00 = = @
/‘
. - fod P
E - d :
g
o 400
©
a -
g§
3 0
bt (b} Altitude, 45,000 feet.
& 2860
-
®
2400
2000 <
1600
7
-
o)
200 d
+ 'Reglon of consistent—| 4~
ignition : -
11N o
800
x o
& <
.) :‘
400
_o,\/
0 200 800 1200 1600 2000 2400 2800 3200 3600
i N . s Wipdmill*ng engine speed, rpa , ,
) .1 2 .3 4 .5 [ 1 .8 .9 1.0

Rlight Mach nuﬁber. M
(c) sititude, 40,000 feet.

Figure 21. - Effect of fael flow on altitude ignition characteristics with MIL-F-S6244A,

grade JP-4

approximately ©

t’ual6

Fuel te
F (rer.

erature, approximately 50° F; engine-inlet air temperature,

o

mra



. " . 98T% «

: — - : &
Type of Spark-gap Sparks/sec| Peak |Fuel nozzles |Throttle|Ignition 2
ignition location voltage 1 2
O |Capacitance | Center of combustor 1 10,000 Simplex Varied Yes &
0 |Capacltance | Center of combustor 1 10,000 Simplex Varied No 1 §
< | Induction Standard 800 15,000 |Variable-aree | Varied | Yes o
0 {Induction Center of combustor 800 15,000 | Variable~area | Varied Yes |
Each symbol represents several sttempts at ignition.
60,000
o = 0 =
L
e L~ | —1 ©
M o 0o Fon Fay
= /v A4
£ 40,000 z:...‘// 01—
®'\
g B 2 ©
P
Ll
i)
o 30,000
20,000
10,000
Y 4 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0

Spark energy, J/spark

Figure 22. - Effect of spark energy on altitude ignition limits of full-scale engine at flight
Mach number of 0.6 (ref. 5). _ , | =
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Figure 23. - Effect of flight Mach number on altitude ignition limit
of turbojet engine using 10,000-volt capacitance ignition unit (ref. 5).
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Figure 25. - Effect of fuel spray nozzle on spark energy required for ignition
Alr flow, 1.87 pounds per second per square faot;

inlet-air and fuel temperature, 10° F; NACA fuel £1-192; sparking rate, 8 sparks
per second (ref. 9).

in single tubular combustor.
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Figure 26. - Minimum spark energy required in slngle J33

combustor for ignitlion of six fuels as funetlon of 15-
percent evaporated fuel temperature st several combustor-
inlet air and fuel temperatures. Simulated engine cranking
speed, 9 percent of normal rated speed; static sea-level con-
ditions; 10.5-gellon-per-hour, fixed-ares fuel nozzle;

" sparking rate, 8 sparks per second (ref. 4).
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Figure 28. - Effect of two grades of fuel on eltitude ignition
characteristics. Fuel temperature, approximately 50° F; engine-
inlet air temperature, approximately O° F; altitude, 45,000 feet
(data from ref. §).
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Figure 29. -~ Effect of fuel volatility omn altitude

ignition limits of turbojet engine.
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Figure 29. - Concluded. Effect of fuel volatility on
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Figure 33. - Comparlison of combuster lignition energy requirements
in single tubular J33 combustor with two ignitlon systems. Alr-gap
ignitor; inlet-alr and fuel temperature, 10° F; NACA fuel 50-197;
10.5-gallon-per-hour, fixed-area fuel nozzle (ref. 9).
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Figure 34. - Ignition energy requirements of single tubular J33
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CHAPTER XII
COMBUSTION LIMITS AND EFFICIENCY OF TURBOJET ENGINES

By Edmund R. Jonash and Henry C. Barnett

INTRODUCTION

Combustion must be maintalned in the turbojet-engine combustor over a wide range
of operating conditions resulting from variations in required engine thrust, flight
altitude, and flighi speed. PFurthermore, combustion must be efficient in order to
provide the maximum aircraft range. Thus, two major performance criteria of the
turbojet-engine combustor are (1) operateble range, or combustion limits, and (2)
combustion efficlency.

Several fundesmental reguirements for efficient, high-speed combustion are evident
from the discussions presented in chapters III to V. The fuel-air ratio and pressure
in the burning zone must lie within specific limits of flammability (fig. III-16(b})
in order to have the mixture ignite and burn satisfactorily. Increases 1n mixture
temperature will favor the flammebility charecteristics (ch. IIT). A second require-
ment in maintaining e stable flame is that low local flow velocitles exist in the com-
bustion zone (ch. VI). Finally, even with these requirements satisfied, e fleme needs
a certein minimum space In which to relesse e desired amount of heat, the necessery
space increasing with a decrease Iin pressure (ref. 1) It is apparent, then, that
combustor design and operation must provide for (1) proper control of vapor fuel-air
retios in the combustion zone at or near stoichiometric, (2) mixture pressures above
the minimum £lemmebility pressures, (3) low flow veloclties in the combustion zone,
and (4) adequate space for the flame.

It is desirable to consider how the operation and the design of current turbojet
combustors match these fundsmental combustion requirements. Because of turbine-blade
temperature limitations, over-all fuel-alr ratios considerably lesner than stolchio-
metric must be meintained In the turbojet combustor; because of the high propulsive
thrust per unit frontal area required, combustion-chamber velocities of 100 feet per
second or greater must be tolerated; and because of avallabllity and handling con-
silderations, liguid hydrocerbon fuels that require veporizetion and mixing with the
air prior to combustion must be used. Combustor design alleviates the first two
problems, velocity and fuel-air ratlo, by allowing approximately 80 percent of the
eir to bypess the combustion zone, thus providing for Jower velocities and higher
fuel-eir ratios within the combustion zone. Imn addition, considerable turbulence,
which increases the flame surface area and hence the effective flame velocity (ch. V),
is generated in the combustlon zone by means of swirling-air entry ports and pene-
trating air jets. Heating the fuel-air mixture to its ignltion temperature is aided
by recirqulating high-temperature exhaust gases into the fresh charge. Vaporization
of the liquid fuel is aided by pressure atomizing nozzles or by any of a number of
fuel prevaporizatlon methods that are currently belng used.

The design of current turbojet combustors has not completely satisfied the
fundamental requirements for complete combustion at &ll conditions of operation.
Moreover, attempts to answer the ever-pressing need for greater heat-release rates
from smaller combustors in shorter lengths apd over wilider ranges of operating con-
ditions result in incomplete combustion or flame blow-out under certain condltions.
Performance trends typical of those-observed in current turbolet engines are shown
in figure 58. Combustiorn efficiency is plotted against the englne speed corrected
to standard sea-level conditions N/Af6, where N is the engine rotational speed
and 6 is the ratio of engine-inlet total temperature to NACA standard sea-level
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static temperature. Silince the value of 1/5 does not vary greatly from unlty for the
range of condltions shown the abscissa scele is a close representation of the actual
engine rotaticnal speed. These data, which were obtained in full-scale engine tests
at simulated altitude conditions (ref. 2), show that combuetion efficiencies decrease
with e decrease in engine rotatlonal speed, with an incresse in altitude, and with a
decresse in flight Mach number. At high-altitude conditions, efficiencies as low as
50 percent were encountered, representing a very considerable loss in slrcraft range.

The problem of combustion limits encountered in some englines at high altitude 1s
illustrated in figure 59 (ref. 3). The curve represents an altitude operational
limit imposed on the englne by the inability of the combustor to release sufficient
heat to drive the engine at the required conditions. Altitude operation of the engine
is severely limited, partlcularly at low engine speeds.

Two major taske confronting designers of turbojet combustors are (1) optimizing
the design for e particular engine and flight application and (2) predicting the
flight performance of the design. The solutions to both problems require an under-
standing of the effects of the Individual operating and design variables on perform-
ance. This chapter treats these variables in some detail. The effects of inlet-air
conditions, fuel and air sdmission characteristics, and Tundamental combustion char-
acteristics on performance are consjdered. Although these variables have been rec-
ognlized for some time, their interrelated effects on performance cannot yet be ex-
Pressed guantitetively. As & result, combustor design remains, to & large extent,
an exrt. Approximate methods that have been developed tc relate effects of operating
varisbles ahd to estimate the performance characteristics of a given combustor are
described in this chapter.

EFFECT OF ENGINE OFERATING VARIABLES ON COMBUSTION
EFFICIENCY ARD LIMITS

Among the primary engine operating varlables affecting combustlon efficiency
and stability are combustor inlet-air pressure, inlet-air temperature, inlet-air
veloclty, and fuel-alr ratio. The degree to which these variables influence perform-
ance in different .turbojet engines may vary, but the trends observed are reasonably
uniform for most engines. From the lerge amount of data accumulsted during the past
several years, representative results are presented here tc illustrate the effects of
these variables on combustion efficiency and stabllity. This section is8 concerned
only with performence deta obtained with l1iquid fuels in stomizing-type anmular and
tubular combustors. Combustor performance characteristics with vaporized fuel are
treated in e later section that considers the effecta of fuel variables on engine
performance.

Combustor Inlet-Air Pressure

The effect of combustor inlet-air pressure on combustlion efficlency is shown in
figure 60(a) for data obtained in two different combustors (refs. 3 and 4) at
constant values of inlet-alr temperature, reference velocityl, and fuel-air ratio.
These and other data show conclusively that decreases in combustor pressure cause
significant decreases in efficlency. For different combustors the shape of the
curves 1s reasonably consistent, but the pressure at which significant losses in
efficiency occur will vary, as 1llustrated by the two curves in figure 60(a).

IMean combustor air velocity based on density and flow rate of inlet air and
maximum combustor cross section.
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Also, with more or less favorable conditions of inlet temperature, reference velocity,
and fuel-air ratio then those used for the data in the figure, the curves may be dis-
placed to higher or lower values of combustion efficiency and to lower or higher val-
ues of pressure. The decrease ih efficiency with decreesed pressure mey be attrib-
uted to any of several fundamentel factors involved. For example, the volume required
for the flsme incresases (ref. 1) apd the flemmsbility mixture limits decrease as pres-
sure 1s reduced (ch. III). These and other factors are discussed further in a

later sectlon of this chapter.

Studies reported in chapter III and clted earlier in this chapter show the ex-
istence of pressure flammabllity limits that define pressures below which combustion
cannot be sustalned. In turbojet combustors, a decrease in combustor pressure causes
decreasses 1in efficiency, &s shown in figure 60{a); as lower and lower pressures
are imposed, the combustion process passes through a phase of 1lnstsbility, and even-
tuslly the flame is completely extinguished. Although the particular range of oper-
ating conditions represented by the curves of figure 60(s) did not result in flame
blow-out, it can be assumed that blow-out would occur at pressures not far below the
lower limits of the curves shown. In any cese, the lower pressure limit of a turbo-
Jet combustor always occurs at a pressure considerably higher than the flammability
pressure limits (ebout 1.0 1b/sq in. abs) presented in figure III-16. This fact may
be attributed to the very great difference between the static, homogeneous fuel-air-
mixture conditlons represented by the data of figure III-16 and the dynamic, hetero-
geneous situation existing in & turbojet combustor.

Combustor Inlet-Alr Temperature

In general, the effect of a decrease in combustor-inlet temperature on combus-
tion efficiency is similar to the effect of & decrease in pressure. Representative
trends are illustrated in figure 60(b) for the same combustors used to obtain the
deta of figure 60(a). These data, which were obtained at constant values of
inlet-air pressure, veloclty, and fuel-air ratio, show that combustion efficiency de-
creases &t an increasing rate as the inlet temperature is decreased, particularly in
combustor A.

The effect of combustor inlet-air tempersture on combustlion efficiency is in
part assoclated with the problem of evaporating the fuel in the combustion chamber.
Chapter I shows that the rete of evaporation of a ligquid fuel spray increases with
approximately the fourth power of the alr temperature (fig. I-22). In additlion, in-
creased temperature favors fundamental combustion reactions, as evidenced by in-
creased flame speed (ch. IV).

Combustor Inlet-Air Velocity

Typical varietions of combustion efficlency with reference velocity are illus-
trated by the data in figure 60(c), which were obtained at comstant values of
inlet-air pressure, temperature, and fuel-air ratio. Combustion efficlency decreases
rapidly with an increase in velocity in combustor A; lncreases in velocity beyond
about 105 feet per second would probably result in flame blow-out._ In the range of
velocities investigated, combustion efficiency of combustor B was less sensitive to
variations in velocity than was thet of combustor A. For combustor B, Increases 1n
velocity first increased and then decreased combustion efficiency. The decreased
combustion efficiency encountered at low velocities in combustor B occurs in many
combustors and is attributed, in many cases, to impalred fuel-spray characteristics
obteined with some fuel-injection nozzles at the low fuel flows attending low eir
velocities. Generslly, this phenomenon is encountered at "off-design" conditions
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only, that—1s, at velocities considerably below those encountered in actusl engine
operation. The decrease in combustlion efficiency at high velocity encountered with
combustors A and B may be associsted with the decrease in residence time of the fuel-
air mixture in the combustion zZone. However, other factors can be lnvolved; for ex-
ample, variations of the fuel-air mixing characteristics with velocity.

The effect of velocliy on combustion efficiency may be assumed to be generally
represented by the curve of combustor B. Thus, there 1s an optimum value of velocity
for all combustors. The normal operating ranges of different combustors may, however,
be limlted to different parts of this general curve, depending upon combustor design
and other operatling parameters.

Fuel-Alr Ratilo

The effects of fuel-air ratio on combustlon efficlencles obteined in combustors
A and B are shown in figure 60(d). Each combustor was operated at conditions of
constant combustor Inlet-air pressure, temperature, and velocity. Combustion effi-
clency in combustor A first Increased and then decreased with increased fuel-air
ratio. Combustion efficlency in combustor B increased with fuel-air ratio throughout
the range of fuel-alr ratio investigated. The fuel-air-ratlo curves of figure
60(d) eventually terminate in the "lean" and "rich" blow-out limits of the com-
bustor. Additional examples of the effects of fuel-air ratio on combustion efficiency
may be found In references 5 and §. :

The decrease in combustion efficlency at low fuel-air ratios (fig. 60(d))
is normally associated with insufficlent fuel vaporization resulting from poor fuel
atomization at low flow rates; thus, liquid fuel might be permitted to flow through
the combustor without burning. Actual observatlon and sampling of exhaust gases from
combustors has, in fact, Iindicated the presence of liquid fuel droplets. In addi-
tion, of course, low over-all fuel-air ratios may result in pockets of fuel-air mix.-
tures In the primary zone that are too lean to burn. " The decrease in efficlency &t
high fuel-air ratios ie frequently assoclated with overenrichment of the combustion
zone resulting from high fuel-flow rates and improved stomlzatlon and vaporization of
the fuel. Depending on the combustor and, particularly, on injector design charac-
teristics and operating conditlions, combustion efficiency may be more or less sensi-
tive to fuel-air ratio than the curves of figure 60(d) indicate. Furthermore, in
operating & particular combustor in a particular engine, only certain parts of the
more general curve (combustor A) may apply.

Analysis of Engine Performance Characteristics

It was noted in comnection with figure 58 that combustion efficiency in a
full-scale turbojet engine decreesses with (1) an increase in altitude, (2) a decresse
in engine speed, and (3) & decreage in flight Mach number. The variations in
combustor-inlet parsmeters (pressure, temperature, and velocity) that occur with these
changes in engine conditions are discussed in chapter X. Filgures 3(a), 3(b), 6, and
7(2) indicate thet both combustor inlet-alr pressure end temperature always de-
crease with the variations in engine operating conditions noted previously that cause
& decrease in combustion efficiency. These trends are consistent with the data pre-
sented in figures 60(a) end (b). Further examination of the data of figures 3(c) and
7(c) indicates that the veriations in combustor velocity (1) are relatively small
and (2) do not exhibit any well-defined trénds with the observed combustion efficiency
(fig. 58). FPigure 80(c) shows that combustion efficlency can elther decrease
or increase with an Increase in velocity. These comparisons do, of course, neglect
whet can be very important effects of fuel-air ratio on combustion efficiency.
Particularly large varlations in fuel-air ratio occur with variations in engine speed.
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As altitude is increased, a turbojet engine may approach an altitude operationel
limit (fig. 59). At any engine operating condition, the combustor must furnish a
certain required temperature rise (ch. X). The ability of & combustor to supply high
velues of temperature rise is Ilimited either by rapidly decreasing combustion effi-
clencies at high fuel-eir ratios (fig. 60(d4)) or by flame blow-out. As might be
expected, then, the maximum temperature rise obtainable with & combustor ususlly
varies in muchk the same manner as does combustion efficlency. The dats of reference
3 show & decrease in meximm temperature rise wilth & decrease 1n temperature or pres-
sure and, generally, with an incresse In velocity. TFigure 61 shows the relation
between the maximum temperature rise and that required for operation over & renge of
altitude at a constant engine rotational speed. Although the temperature rise re-
quired does not vary eppreciably with altitude for this particuler engine, the
avellable temperature rise decreased rapldly with an increase in altitude. The al-
titude at which the two curves cross (about 32,000 ft) represents the operstionsl
limit of the engine. .

As the operating altitude of & turbojet combustor is increased, the character of
the flame changes noticeably. At low-altitude, high—;_)ressure operating conditions,

‘most turbojet combustor flames are a brilliant orange-yellow. This luminosity is due

to incendescent carbon particles suspended in the hot gas streasm. The emissivity of
such a flame can be of the order of 0.8 (ref. 7). As the operating altitude is in-
creased, a gradual transition to a relatively nonluminous blue flame occurs. Finally,
et conditions near the operationel limits of the combustor, verylng degrees and types
of flame Instability appear, freguently in the form of low-frequency pulsations.
These pulsations are often accompanied by movement of the flame-seating zone along
the length of the combustor. Flame fluctuations are discussed further in & later
section. ’ ’

EFFECT OF FUEL AND ATR ADMISSION CHARACTERISTICS ON COMBUSTION
EFFICTENCY AND LIMITS

The foregoing discussion, Indicating the general effects of operatlional variables
on the limlts and efflclency of combustion in turbojet combustors using liquid fuels,
suggested that the effects of some of these varlables are due, in part, to the in-
fluence of the variables on preperstion of flammable fuel-air mixtures. A number of
fuel and combustor design variables that influence the preparetion of this mixture
are considered in this section.

In a liquid-atomizing combustor the flsmmable mixture is prepared by atomizing
the liquid fuel, vaporizing the resulfing fuel droplets, and admitting the proper
gquantity of air. Although these individual processes are discussed separately, they
are by no means independent of one another, nor does each occur 1in a dilstlnct zone
of the combustor.

Fuel-Atomization Factors

The fuel-atomizatlon characteristics that would be expected to influence mixture
preparation in the turboJet combustor are drop size and spray pattern. The data of
chepter I show that the rate of eveporation of & liquid drop is directly proportional
to its diameter. Since the€ number of drops irn a given mass of spray is inversely pro-
portional to the cube of the average drop diameter, the evaporation rate of the spray
is inversely proportionsl to the square of the average drop diameter. More direct
evidence of the importance of drop size is shown In figure 62 (ref. 8). The time
reguired to burn a single drop of kerosene fuel Increased by & factor of 13 when drop
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slze was increessed three-fold. The second atomization factor, spray pattern, will
influence the dlistribution of the drops and, hence, local fuel-air ratios in the
combustion zone.

Atomization characteristics. - Atomization characteristics are not only influ-
enced by design of the nozzle and by properties of the fuel (viscosity, surface
tension), but also very with operating condition. Pigure 63 shows the variation
in flow rate, drop dianmeter, and cone angle with nozzleée Ppressiré differentlial for &wo
simple swirl-type nozzles. The mean drop diameter (Sauter mean dismeter) was calcu-
lated from equation (34) of chapter I. Mean drop diameter decreases with an increase
in preesure and, hence, with an increase in flow rate. For a given pressure differ-
entlal, the use of the smaller nozzle alsc results in somewhat emaller drops. For a
given flow rate, it 1s apparent that considersbly smaller drops will be obtained with
nozzles of smaller size. Comparison of the data of figures 62 and 63 indicates
that the mean drop slzes obtained from these nozzles would have a burning time of less
than 0.01 second for the conditions represented.

The cone angle of the spray (fig. 63) first increases and then decreases as
the flow rate is increased. At values of flow rate (and pressure)} below those shown,
the cone angle decreases very rapidly unti}l & "bulb" type spray results. Since the
operation of a turbojet engine requires a very wide range of flow rate, it i1s evident

considerably with operating conditions.

Effects of atomization. - A typical example of the effect of fuel atomization
on the combustion efficiency of a full-scale turbolet engine {ref. 9) is presented
in figure 64. At the high-sltitude cruising conditions investigsted, combustion
efficlency was reduced as much as 25 percent as & result of increasing the fuel-
nozzle capacity from 3 to 7 gallons per hour (nominal ratings of 100 lb/sq in. ).
This marked decrease in combustion efficiency may be attribyted to the poorer atom-
ization resulting from the decrease 1n nozzle pressure drop encountered with the use
of larger fuel nozzles.

More detailed studies of the effecte of fuel atomizatlon characteristics on
combustion performance have been conducted in direct-connect-duct investigations with
tubular and anpular combustors. Results of one of these studies (ref. 10) are illus-
trated in figure 85. The varistion of combustion efficlency with combustor tem-
perature rise for aviation gesoline 1s shown 1n figure 65(3) far three fuel-nozzle
sizes and at fixed inlet-air conditions. At low values of temperature rise corres-
ponding to low fuel-flow rates, the smallest nozzle gave the highest efficiency; at
high values of temperature rise, the largest nozzle gave the highest combustion ef-
ficiency. With all thiee nozzled, maximm-temperature-rilse conditions were encoun-
tered, indiceting conditions of overrich fuel-air mixtures. The values of maximum
temperature rise increaged with increase in fuel-nozzle size.

These data, in addition to data obiained wlth other nozzle sizes, are further
analyzed in figure 65(b) to indicate the fuel-nozzle pressure differential re-
quired at the various operating conditions. At low velues of tempersture rise, high
pressure differentials gave the best performance. As temperature rise was increased,
however, use of the higher pressure differential resulted in maximum-temperature-rise
conditions and in rapid decreaéses in combustion efficiency; whereas, with the lower
pressure differential, temperature rise continued to increase with Iincreased combus-
tion efficiency. Thus, a certain minimum quality of atomization, or a maximum drop
size, 1s required at all conditions ouf operation, but it is possible to atomize a
fuel too well and thereby produce primsry-zone mixtures that are toc rich to burn.
The use of larger nozzles at high fuel flows incresses drop size_(fig. 63), the
increase in turn reducing the rate of evaporation and extending the zone of

. 300
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evaporation farther downstream where additional air 1s belng introduced. These re-
sults cannot be assumed to apply to all combustor designs, operating conditions, and
fuels. With a particuler combination of these variables, only & part of the over-all
trends may be observed.

The thrust range requilred of e turbojet engine resulits in a wide range of fuel-
flow rate (a.bout 12 to 1 in current engines). The use of a single pressure-atomizing
nozzle of the type used in the studies described necessitates lerge veriastions in
fuel pressure and In spray characteristics, as shown in flgure 63. The data of
Tigure 65 show that these variations 1n spray characteristics can markedly affect
the combustor performance. A single fuel nozzle mey provide insufficlent atomization
at low flow rates and excessive atomization at high flow rates. It appears desirable,
then, to consider the use of multiple nozzles, of different sizes, in the combustor
1o ensure more nearly constant atomizetlon characteristics and to avold excessive
fuel-system pressures.

Duplex nozzles, combining the principal components of two individuel nozzles of
different size, have been developed for use in many current turbojet engines. A
further development of the duplex nozzle is the varisble-area nozzle (ref. 11), which
produces a finely atomized spray over a flow range from about 30 tp 500 pounds per
hour with a corresponding range of pressure differentiel from gbout 50 to 70 pounds
per square inch. The nozzle was tested in a full-scele engine at sea-level condi-
tions (ref. 11) and at high-altitude conditions (ref. 12). Figure 86 presents
combustlon-efficiency date obtained with a conventlonal fixed-aree nozzle and with a
varlable-area nozzle 1n a full-scale engine operating at an altitude of 40,000 feet
and a ram pressure ratio of 1.00. Use of the veriable-aresa nozzle resulted in an
Increase In combustion efficiency of approximately 5 percent at this particular op-
erating conditlon. By combining the data obtained over a range of altitudes from
sea level to 40,000 feet and & range of rgm pressure retios, the curve shown in
figure 67 was obtained. These data show that reductions in fuel consumption as
large as 16 percent were obtalned with the varlable-ares fuel nozzle, the largest
reductions occurring at low fuel-flow rates where the fixed-sres nozzle did not pro-
vide sufficient fuel atomization. .

Effects of spray pattern. - Combustlion efficiencles for a 40-gallon-per-hour,
80°-cone-angle nozzle are compered in Fflgure 68 with those for a 15.3-gallon-per-
hour, 30°-cone-angle nozzle in & tubular combustor operating at severe conditions.
The combustion efficiencies for the smaller, narrow-cone-angle nozzle decreased more
rapidly with a decrease in fuel-air ratio than did those obtalned with the larger,
wilde-cone-angle nozzle. This trend indicetes that leaner fuel-air ratios were present
In the combustion zone with a narrow-cone-angle nozzle in splte of the finer astomiza-
tion resulting from the higher attendant pressure differentials. Reducing the angle
of the spray cone and increasing the pressure differentisl increased spray penetra-
tion through the center of the combustor without effectling sufficient spreading in
the upstream, primery-combustion region. The accompanyling reductlion in fuel resi-
dence time and the poor mixing served to reduce combustion efficlency.

The data of figure 68 indicate that wide-cone-angle nozzles should be used
to attain high combustion efficlency. The investigation reported in reference 13
shows, however, that wide-angle fuel sprays, such as those produced by the 80°-cone-
nozzle, can result in appreciable wettilng of combustion-chamber walls with fuel.
Illustrative data in figure 69 indicate that installation of fuel "dams™ to
colliect and rebturn fuel films from the wall of the combustor to the combustion zone
improved comhustlon efficiencies significantly. The most pronounced effects were
noted at low fuel-elr ratios; probably because the power atomizatlon at these con-
ditions induced greater wall wetting. This evidence iIndicates that fuel depositing
on the walls of the combustion chembers may pass through the combustor without
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entering into the combustlion process and cause a loss in efficiency. In addition,

wetting of the wall with fuel has been found to be comducive to another deleterious -
combustor characteristic, carbon deposition {ch. XIII). A certain amount of—wall-

wettlng occurs in most combustors. Depending upon the design of the combustor,

varying quantities of the liquld fuel deposited may be reatomized by the incoming o
jets of air. -

The effect of distribution of atomized fuel in the primaery zone of a tubular
combustor on combustion performance was investigated in reference 4. Pigure 70
presents data of reference 4 obtained with several liquid injectors using liquid -
MIL-F-5624A, grade JP-3 fuel. Comparison of the two atomizling nozzles {simplex and
duplex) shows that the duplex nozzle gave considerably higher combustion efficiencies §
at low values of temperature rise and somewhat lower combustion efficiencies at high *
values of tempersature rise. From preceding discussions of fuel atomization effects,
1t may be concluded that the simplex nozzle did not provide sufficient atomization
at the low fuel-air ratlos, whlle the duplex nozzle provided excessive atomization
at high fuel-air ratios and resulted in fuel-rich mixture conditions.

The other four injectors shown in figure 70 are considered "solid-stream"
injectors, since no provisions for fuel swirl are incorporated; all use simple ori-
fices. Among the sclld-stream Injectors, the highest combustion efficiencies were
obtained with & tube injector (tube B) that distributed fuel along the length of the
combustor. From a comparison of" the performance of the three different tube injec-~
tors, a noticeable effect of the distribution of Injection holes along the axis may
also be observed. An explanatlion for the poor performance of the radial injector
with liquid fuel may be the fact that with this Injector sclid streams of unatomized
fuel were injected in the downstream directlon with toc much penetration and toco
short a residence time for the fuel drops. :

The preceding dlscussion shows the important effects of fuel-spray characteris-
tics on the combustion performance of liquid fuels. Fuel-spray characteristics
are affected not only by injector design but also by properties of the fuel and by
the design of the combustor. Mean drop size is proportional to surface tension of
the fuel to powers from 0.6 to 0.7 or less, and to viscosity of the fuel to the
0.25 power {ch. I). Very substantial effects of the air-flow currents on liquid fuel
gpraye also were observed in investigations reported in reference 14. TFigure 71
(from ref. 14) indicates that air flow in & tubular combustor increased fuel atomiza-
tion considerably over that observed with the sprey in qulescent air. Other photo-
graphic evidence presented in reference 14 shows that Increased air velocity resulted
in incressed fuel atomization and distribution. Thus, it is generally not possible
to predict, from photographs or measurements mede in quiescent atmospheres, the spray
characteristics that will be cbtalned with a particular injector installed in a com-
bustor. Furthermore, satisfactory methods of measurement of fuel-spray characteris-
tics, drop size and distribution, are generally too complex to be readily adaptable
to the actual turbojet cambustor.

Because the end result of fuel atomization, distribution, and evaporation is the
formation of flammable fuel-sir mixtures im the combustion zone, the fuel-spray
characteristics required for optimm performance depend on operating conditions and
combustor design. Bome combustor designs have been evolved that minimize, to a large
extent, the effects of fuel-spray varlables on combustor performance. An example of
data obtained with such a design 1s shown in figure 72 (ref. 9). In an experi-
mentel anmulsr combustor, two fuel nozzles (capacities, 10.5 and 6 gal/hr) were .
tested at a slmulated flight altitude of 30,000 feet, and three fuel nozzles
(capacities, 10.5, 6.0, and 3.0 gal/hr) were tested at 40,000 feet. The data indi-
cate only minor effects of fuel-injector size on combustion efficiency. Near the
rated speed of the engine, the larger nozzles gave slightly higher combustion -
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efficiencies. This trend is in sgreement with data presented in preceding sectlons;
that is, at the high fuel-air ratios reguired at rated speed, the finer atomization
produced by the smaller nozzles resulted in over-rich mixtures in the combustion zone.
The experimental combusior represented by these data was of the same general over-all
dimensions and was tested in the same engine &s the combustor represented by the date
of figure 64, which shows very significent effects of fuel-nozzle size on the per-
formance of that combustor.

Fuel Vaporization Factors

The rate of vaporization of a fuel spray is a function of the degree of stomiza-
tion and of the voletility characteristics of the fuel. It is glso a function of
operating condiiions - temperature, pressure, and velocity of the filuid surrounding
the fuel drops (ch. I). Effects of atomization characteristics on combustion per-
formance are discussed in the preceding section of this chapter. Data show that there
is en optimm degree of atomization associeted with a particuler combustor and par-
ticular operating conditions. Fuel sprays that are elther finer or coarser than this
optinum can result in too-rich or too-lean fuel-gir-ratlo conditions and, hence, in
decreased combustion performance. Fuel volatility cheracteristics would be expected
to Influence combustion performence in a similar manner. That is, optimum fuel vola-
tility characteristics may depend upon the cholce of operating condlticns and combus-
tor design.

Fuel volatllity. - Typlcal effects of fuel volatllity on combustor performence
are illustrated in figures 73 and 74. Combustion efficiency of an ennular com-
bustor 1s plotted ageinst altitude in figure 73 for three {ypes of fuel varying
from highly volatile aviation gasoline to low-volatility Diesel fuel (ref. 10). These
data illustrate the same trend of combustion efficlency with similated flight altitude
that was observed in figure 58. The combustion efficiencies of the fuels tend to
converge near 100 percent &t & low sltltude, Indlcating that at sea level the differ-
ences among fuels may not be great. At high altltude, however, the more volatile
fuel, aviation gasoline, produces considerably higher efficiencies.

The effect of fuel volatlility on the altitude operatiqnal limits of an annular
combustor is illustrated in figure 74 (ref. 10). At engire speeds in excess of
60-percent rated engine rotor speed, Diesel fuel produces the highest altitude limit;
at lower speeds the more volatlle gasoline gives higher limits. This result is con-
sistent wilth the studles dlscussed previously 1ln this chapter, where it is pointed
out that a too-rapild veporization rete may, at some conditions of operation, produce
g mixture too rich to burn. Very fine atomization and rapid veporlzation occur at
the higher engine speeds that correspond to higher fuel flows in the englne; at these
conditions gesoline veporizes too rapidly, and Dlegel fuel, becsuse of 1ts lower
voletility, veporilzes more slowly and at a more nearly optimm rate. At low engine
speeds the reverse is true; that i1s, the fuel flows are low, and the vaporization
required is more nearly fulfilled by the more volatile aviation gasoline.

The interrelation between fuel volatility and fuel-spray characteristics is
further i1llustrated in figure 75. The combustion efficiencies obtalned with
Diesel fuel anrd aviation gasoline using two nozzles of widely different spray char-
acterlstics are shown. With the larger nozzles glving coarser atomization at the
same flow rate, the more volatile gasoline produced the higher combustion efficien-
cles. With the smaller nozzles giving finer atomizetion, overenrichment of the
primary combustion zone occurred and the lower volatility fuel, Dlesel fuel, gave
higher combustion efficiencies.
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The resulta of tests in a 7-inch-diamefer tubular combustor with a larger number
of fuels of vearying volatilility ere presented in figure 76. The fuels represented
in figure 76{a) were relatively pure materisls that vary only slightly in their
fundemental combustion characteristics (discussed in a later section of this chapter).
As the average boiling temperature, represented by the A.S.T.M. 50-percent distillise-
tion temperature, was increased, combustion efficlency first increased and then de-
creased, Indicating an optimm distillation temperature of about 200° F for these
particular opereting conditlons. The distlllation {or boiling) temperature of a fuel
is only one of several fuel factors that mey affect vepdrization rate. For example,
the evaporetion rate of single drops lnto high-temperature surroundings can be corre-
lated with the total heat required to evaporate a unit mess of fuel (ref. 15)}. This
quantity of heat 1s a function of the initial temperature, the bolling temperature,
and the latent heat of vaporization of the fuel. Plotting the ccmbustion-efficiency
data of figure 76(&) agalinst the heat required for—evaporation would result in
curves of the same form as those shown in the figure because of observed relations
between boiling temperature and latent heat of vaporizetion of hydrocarbon fuels.

The general trend_in cowmbustion efficiency with boiling temperature shown in
figure 76(a) is not usually encountered in turbojet combustors. In most cases,
the range of fuel volatlility, operating range, and combustor design used results in
a continuous decrease in efficiency with an increase in boiling temperature, as shown
in figure 76(b). These data (ref. 18) were obtained with mixed hydrocarbon fuels
of the genersl type that may be suppiied for turbojet-engine use.

Fuel and eir temperature. - Since the effects of fuel volatillty on combustion
performance are intimately related to the design of the combustion chamber and to the
fuel-injectlion technique, it is possible to design a combustion system around elther
a low- or a high-volatility fuel to provide both high efficiency and satisfactory
stability. The difficulty of achieving this design, however, may be considerably
greater with very-low-volatility fuels. If, for economic or other reasoms, it is
desirable to use low-volatility fuels, the effects of volatility can be reduced by
preheating or prevaporizing the fuel. In figure 77, a comparison is made of the
combustion efficlencies obtained at two fuel temperature conditions In an experimental
ennuler combustor using MIL-F-5624A, grade JP-4 fuel. Preheating the fuel to 300° F
eppreciebly improved the combustion efficiency at the low combustor-inlet pressure
of 2.5 pounds per sguare inch absolute (ref. 17). This trend is also apparent in
figure 78, which shows the effects of air and fuel temperature on combustion
efficiency of a tubular combustor for JP-1 fuel and for monomethylnaphthalene, two
fuels that differ considerably in both voletility and composition. Increases in fuel
end air temperature caused an increase in combustion efficiency for both fuels. Com-
parison of the two parts of figure 78 shows that variations in inlet-air tempera-
ture had a more pronounced effect on combustion efficiency than did varistions in
fuel tempereture. Increesing the tempersture of monomethylnaphthalene to 300° F did
not increase performance sufficiently to equal the performance with unheated (100° F)
JP-1 fuel. For unheated monomethylnaphthalene, increasing the alr temperature to
200° F increased efficiency to a value Just slightly below that obtained with unheated
JP-1 fuel at an air temperature of 100° F.. . ... _ o . A . .

The pronounced effect of inlet-air temperature on combustion efficiency shown
in figure 78 may be expected from spray evaporation studies. Experimental studies
of the evaporation of gasoline-type fuel eprays cited in chapter I show that the rate
of evaporation is proportional to the 4.4 power of the sir temperature. Detas of ref-
erence 18 show that evaporation of & fuel boiling between 317° and 346° F increased
1 percent for each 4° F incremse in air temperature and for each 7.5% increase in
fuel temperature. Furthermore, it should be recognized that increases in inlet-air
temperature will increase the rate of chemical reaction as well as the rate of
evaporation.
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Fuel prevaporization. - From the results presented in figures 77 and 78,
it may be concluded that methods of incressing the rate of evaporation of the liquid
fuel spray cen improve combustion efficiency. Other investigations (e.g., refs. 4
and 19) have also shown that the use of a completely vaporized fuel will increase
combugtion efficiencies ln current liquid-atomizing combustors. A number of turbojet
combustion systems have been designed with fuel "preveporizers,™ which generally in-
corporate flame-bathed fuel-vaporizing tubes. With a fuel prevaporizer, the effects
of fuel volatility on combustion efficiency would be expected to disappear. The com~
bustion efficliencies obtained 1ln & commerclal veporlzlpg combustor with eight fuels
of varyling volatility are reported in reference 20. The least-volatile fuel tested
was & kerosene. Over the range of fuel-alr ratios Investigated, all the fuels gave
about the same combustion efficlencies. The inlet-alr operating conditions were not
given in reference 20; however, they were presumably severe enough to cause signifi-
cant differences in the performence of the fuels in & liquid-atomizing combustor.

Investigations of the combustlon performance of monomethylnaphthalene end JP-3
fuel in & different vaporizing combustor are reported in reference 21. Combustion
efficiencies were determined for a range of combustor Inlet-alr tempersture, Inlet-
air pressure, and alr velocity. Representative results are presented in figure
79, which shows that in all ceses the performance of the more volatile JP-3 fuel
exceeded the performance of the high-boiling hydrocarbon monomethylnsphthalene. With
regerd to stability, the data show that the more volatile JP-3 fuel sustalned -combus-
tion at lower inlet pressures and at higher velocities. Thus, the use of the fuel
prevaporlzer in this case dld not eliminste the effect of fuel volatility on combus-
tion performance. It should be noted that the compositions of JP-3 fuel and
monomethylnaphthelene are considergbly different. Variations In composition mey also

.effect combustion performance. The dats of figure 79 are compared in reference

21 with similar deta obtained with the same fuels in a liguld-atomizing combustor.
The trends indicated that the vaporlzing combustor did dilminish the effect of fuel
properties on combustlon efficiency. The fact that the differences were not entlrely
eliminsted may be attributed to inadequete vaporlzing cepaclty of the combustor for
the high-boiling monomethylnaphthelene, and to differences in fuel composition.

It was suggested thet incressed inlet-air temperature improves combustion effi-
clency in one way by causing more rapld vaporizatlon of liguld fuel sprays. The use
of a fuel prevaporizer, then, should diminish the effect of inlet-air temperature on
combustion efficiency. Figure 79 shows that, in the prevaporizing combustor
tested, combustor inlet-air temperature had some effect on the efficlencies obteined
with monomethylnaphthalene and essentislly no effect on those obtained with the JP-3
fuel. These trends again indicate that, esince the prevaporizer was not designed to
handle fuels such as monomethylnaphthalene, preveporization of this fuel was probably
not very complete.

Vapor fuel distribution. - Even if the combustor design Is such that complete
fuel preveporization occurs, performance difficulties may still result from improper
distribution of the vaporized fuel. The effect of vapor fuel dlstribution on the
combustion efficiency of a tubular combustor is studied in reference 22; results
obtained with four different fuel injectors are presented in figure 80. The
injectors were similer to geveral of those discussed In the section of thils chapter
entitled Fuel Atomization Factors (fig. 70). Even with the fuel vaporization
step completely elimineted, combustion efficiency was markedly affected by the design
of the vapor fuel injector. A comparison of the two injectors heving single orifices
indicates that- the lerger orifice provided a higher combustion efficiency. It may be
considered that the lower-velocity Jet issuing from the larger nozzle was mixed more
uniformly with the air, while the higher-velocity jet from the smaller nozzle main-
tained a fuel-rich region in the center of the combustor. Also, the smaller-orifice
injector may have increased fuel penetration sufficiently to reduce residence time




128 Y NACA RM ES5328

of the fuel in the combustion zone, resulting in decreased combustlon efficiencies.
The radisl spoke-type injector distrlbuted the fuel more uniformly over the cross
section of the combustion zone, thereby affording greater mixing rates and, hence,
higher combustion efficiency. The best performance was obteined with the tube in-
Jjector, which distributed the fuel axially along the length of the primary zone,
mixing the fuel with the incoming ailr jets and, alsc, possibly mixing with reverse
air-flow currents within the combustor. Additional studies of the effect of vapor
fuel distribution on the performance of an annular combustor are described in
reference 23.

Air Admisslion Factors

The effects of the fuel atomization and vaporization steps on the performance
of turbolet combustors are discussed in the preceding sections of this chapter. The
data presented emphasize the need for meintaining optimum fuel-air-mixture conditions
in the combustion zone. Two ways of accomplishing this (at least partially) were
described (1) control of fuel properties and (2) proper design of the fuel-injection
system. The third fector that influences the fuel-air mixture is the design of the
alr admission ports. . .. . .. e o

The design of the alr edmisslon system in the turbojet combustor is besed nct
only on the requirements of high combustion efficiency and wide limits of operation
but alsoc on factors such as outlet-temperature distribution, carbon deposition, igni-
tion, and durability of the combustor. The present discussion is limited to a brief
review of the trends in limits and efficiency of combustion that have been. observed
with varistions in air admission geometry of the primery combustion zone.

The primary-air-admission ports are designed (l) to provide adequate quantities
of air for combustion and (2) to promote & high rate of mixing of the fuel with the
air. It 1s aspparent that the alr admission characteristics must be matched to the
design of the fuel injectors ard to the fuel properties in order to achieve optimm
fuel-air-mixture conditions in the primsry combustion zone. Current turbojet combus-
tor configurations do not provide completely separated, well-defined primary combuse-
tion zones. For discussion purposes, however, the primary zone ls generally assumed
to occupy the first one-third to one-half of the total combustor length. The amount
of air introduced into this region is not independently controlled but rather is a
function of the alr-admission-port design over the entire length of the combustor,
combustor cross-sectional geometry, and pressure loss (ch. IT).

Effects of primary-alr admission. ~ Some laboratory studies have been conducted
with combustors incorporating seperated and controlled primsry-air admission. Fig-
ure 81 presents results of one such study in a tubuler combustor operating at
over-all fuel-air ratios from 0.0057 to 0.0145 (ref. 24). For & glven over-all fuel-
air ratio, increasing the percentege of primary air above a critical value resulted
in a decrease In temperature rise, and hence in combustion efflciency. This decrease
in efficiency mey be attributed to over-leah primary-zone mixtures. The trends may
alsc be explained on the basis of primary-zone velocity; as primary-air flow 1s
increased, velocity is alsc increased, end residence time ¢f the fuel-air mixture
1s decreased. These and other data reported in reference 24 indicate, however, that
mixture fuel-air ratio in the primary zone was the principal factor Influencing the
performance of this tubular combustor. The data alsc show that smaller percenteges
of primary asir are required at low over-all fuel-air retios to maintain high effi-
ciency. The parametric curves of comstant primary fuel-alr ratioc indlcate that &
minimum primary fuel-air ratic of sbout 0.05 1s required to assure best performance.

3080°
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The date. of figure 81 Indicate thet, so long es the percentage of primsry
air is less than about 10 percent, meximum efficiency is obtained. The date pre-
sented In this figure are limlted to a relatively narrow range of operating condi-
tions; data presented previously in this chapter indicate that overenrichment of the
primary zone can alsc cause decresses in efficilency. One example of the more generel
trend thet can be expected is presented in figure 82 (ref. 25).. These and all
subsequent data presented in this section were obtained in combustors not incorporat-
ing separately controlled primary air. The amount of air entering the primary zone
1s assumed to be proportionel to the open aree of the air admission porte in that
region. While this assumption is reasonebly satisfactory for observing general per-
formence trends, It is accurate for high-pressure-loss combustors only (ch. 1T,
fig. II-lS). More precise methods for estimating air distributlion in turbojet com-
bustors are noted 1ln chapter II. Figure 82 shows that at fuel-air ratios less
then about 0.014 & decresse in open area at the front end of the combustor (& decrease
in primary-air flow} increased combustion efficiency, & trend similer to that shown
in figure 81. At high fuel-gir ratios, however, overenrichment of the primary
zone occurred, and a decrease in open area in the primary zone decreased combustion
efficiency. Similsr trends are illustrated in figure 83 by deta obtained in a
9.5-inch-diameter combustor (ref. 26). The air-entry-hole area of a 5.8-inch-diameter
primary zone (pilot chamber) was varied over a range from about 25 to 10.9 square
inches. At low fuel-air ratios, Intermediate open areas gave the best performance;
at fuel-air ratios greater than about 0.012, there is a regular itrend of increasing
efficliencles with increasing open ares.

Optimum air admission design. - As 1s gpparent from the data of figures 82
and 83, a slngle, fixed, alr admission geometry will be optimum for specific opera-~
ting conditions only. Unless variable air admission controls are incorporated into
& combustor design, compromises are required to achleve the best over-all combustion
characteristics of the combustor. Research studies have been conducted in many labo-
ratories to determine the air admisslon design criteria for optimum combustion per-

.formance. Illustrative results obtained at the Lewls lsboratory are presented in

the following discussion. These results were obtained primarily in direct-connect-
duct facilities, ubtilizing hoth anmular and tubular combustors.

While most current liquid-atomizing combustors use longitudinal rows of circular
holes for introducing alr (e.g., fig. 7L(b}), the experimental combustors de-
scribed here incorporate a variety of hole shapes and locetlons. For example, the
experimental snnular combustors used in reference 27 incorporated long rectangular
slots for admission of primary combustlon air, while those of reference 17 hed small
circular holes. Filgure 84 presents one-quarter cutaway views of these particular
experimental combustors. Figure 85 1llustrates a variety of air admission tech-
nigues investigated in a tubulaer combustor (ref. 25), each of the cornflgurations shown
tending to produce a different air-flow pattern within the combustlon zone.

The altitude operational limits obtained with two clrcular-hole designs in en
early annular combustor are presented in figure 86. Near-optimum design increased
altitude operstional limits about 12,000 feet; combustion efficlency was also increased
considerably. The air-admission-hole designs of the two combustors are represented
in figure 87 by the plot of percentege of open areas sgeinst axial distance from
the upstream end of the combustor liner. The deslgn giving the higher performance had
substantielly reduced open area In the first portion of the combustor, approximately
18 percent of the total open area being located in the first half of the combustor
length. The totbal-pressure losses through the two combustor desligns were approxi-
mately the same. The reduction in open ares In the upstream region may be consldered
to have Increased local fuel-air ratios and to have reduced local flow velocities.
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The extent to which ailr admission design affects performance depends very
markedly on operating conditions. The axial distributions of alr-entry-hole area
for three experimental annuler combustors designed for high combustlion performance
(ref. 28) at high-altitude (low-pressure) operating conditions are presented in fig-
ure 88. The combustors used very slimilar patterns of clrecular holes for admit- ¢
ting alr into the primary zone and, as shown in figure 88, also had very similar. . . -
exial distributions of open area. Even these small differences in primary-alr-
admission design produced the large differences in performence shown in figure 89,
Figure 90 presents the sxial distribution of open area for each of two widely
different combustor designs investigated in reference 29. Combustor A utilized cir-
cular holes for admitting primary air; combustor B, slote and louvers. The combus-
tion efficlencles obtalned with these combustors over a range of inlet-air-pressure
conditions are presented in figure 91. At low-pressure conditions simuleting
high~altitude, low-speed flight, large differences in performance were observed. At
inlet-air pressures above about 1 atmosphere simulating higher-speed flight, higher-
pressure-ratio engines, or lower-altitude conditions, the large differences in open-
area distribution did not markedly affect combustion efficiency.

sosd”

It 1s appsrent from the data presented herein that the best axial distribution
of open aree of a combustor will depend, partially, ou the required operating condi-
tions. It will also depend on the fuel-injection and erlrvolatility characteristics,
sgince these factors will affect the amount of vapor fuel present at any locatilon.
Finally, 1t will depend on the combustor design itself, the pressure-loss character-
istics and the shape of the alr-entry porte. Examples of near-optimum a&lr-entry-hole-
area distributions for a number of experimental combustor designe varying in all the . _
above factors are presented in figure 92, where the principal festures of the
various combustors are noted. Combustors C and E injected prevaporized fuel, and
D and F Injected atomized liquid fuel into the combustion zone. Primary alr wes
admitted through cilrculer holes, longitudinal slots, or both. The various designs
represented had from about 20 to about 50 percent of the total 11ner open area lo-
cated in the first bhalf of the combustor. :

Tt has been shown that in the turbojet combustor air edmission design influences
the limits and efficiency of combustlion to & very great extent. Its effects are re-
lated to the fundamental combustion requirements of a low-velocity combustion zone
containing flammgble fuel-air mixtures. If these proper burning conditions at any
particular combustor operating condition are to be obtalned, the alr admission design
must be matched with the fuel-injection and veporization characteristica. Because of
the desirabllity of fixed combustor geometries with & minimmiof moving parts, the
fuel-~air mixture will be optimum over only a part of the entire combustor operating
range, and compromisee in performance must be expected at some conditions. The ef-
fects of adverse fuel-alr-mixture conditlons are most pronounced &t low-pressure and
low-temperature (high-altitude) conditions. A4s would be expected, then, in engines
having higher pressure ratiocs and operating at high flight speeds, the conditions for
combustion are less severe, and more freedom in the design of the combustor components
is allowsble.

CORRELATION OF OPERATING VARIABLES WITH COMBUSTION EFFICIENCY

One of the principal oblectives in conducting engine ptudles is the development
of methods that wlll enmble the englne designer to estimate or predict the performance
of new engines. A logical approach to this problem is the development of correlalions a
of engine performance characteristics with the engine operating variesbles. In the case
of the turbojet combustor, one performance characteristic of interest to the designer
is combustion efficlency; the operating vaeriables of interest are inlet-air pressure,
inlet-air temperature, air veloclty, and temperature rise. A preceding portion of
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this chapter is devoted to e discussion of these variables and their relation to
combustion efficiency. This section concerns existing methods of comblining these
operating vaerlables into suitable paremeters for correlation with combustion effi-

ciency.

ILosses in combustion efficiency occur because the conversion processes that take
place in the turbojet combustor are too slow. These processes Include vaporization
of liquid fuel, mixing of the fuel and azir to form flammable mixtures, ignition, and
oxldetlon. Combustion can be visualized es a competitlion between these processes and
the quenching that occurs when the reacting mixture is swept out of the burning zone
end diluted with cold alr and when the mix{ure contacts the relatively cool walls of
the combustor liner. Because of the obvious complexity of the combustion process, no
exact theoretical treatment of combustion efficiency is currently poseible. Never-
theless, correletions have been developed, both empirically and theoretically, by
meking simplifying assumptlons regarding the combustlon mechanism.

Correlation with a Simplified Reaction-Kinetics Equation

The effects of the inlet-air variables on combustion efficlency have been con-
sidered to be the result of their effects on the rate of chemical reaction. Second-
order reaction eguations bhave been used to explain flame stability phenomena observed
in ram-jet combustion chambers (ref. 30). In addition, it has been suggested that
chemicel-reaction kinetics control the performance of Jet-engine combustors (ref. 31).

A theoretical analysis {(ref. 32) based on the kinetics of & bimolecular chemical
resction yielded the Following relation between combustion efficiency and the
combustor-inlet variables:

N, -ﬁg‘—b
1n l-ﬁZ-B-nb +Ks = K (UA"'UB)Z (Ng - Na) e LK% p1Ty (1)
RS 3 /2 172 Ra¥s Vr

where
B apparent energy of activation
K5,Kz,K7,Kg,Kg  constants
L length of reaction zone
Ny, Np __ concentration of two reactants in burning zone
Py _ combustor-iniet statlic pressure
R gas constent
T, static temperature in burning zone
Ty combustor-inlet static temperature
V. combustor reference veloclty
Ty combustion efficiency
0,s9p effective molecular diameter .
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For a given combustor, fuel, and fuel-air ratio, and if the burning-zone tem-
perature T, 1s consldered independent of changes in inlet tonditions and other

gimplifying assumptions noted in reference 32 are made, then

T
My = S/ (‘E‘i,-r—i) (2)

Equation (2) is applied, in reference 32, to dats obtalned in 14 different turbojet
engines and combustors. The reference velocity V, 1is based on the mass-flow raﬁe,

the combustor inlet-air density, and the maximm cross-sectionel area of the combus-
tor flow passage. Illustrations of the relation between the parameter piTi/Vr and

combustion efficiency 1, are shown in figure 93. Experimental points are shown
on this plot to 1llustrate the extent of scatter in the data. The precision of cor-

relations such as these 1is not good. Some scEtter may be expected since it is aiffi-

cult, at identical test conditions, to reproduce values of combustion efficiency

accurately in day-to-day operation. Studies of this reproducibility show that values

of combustion efficlency differing by 4 percent are common with most combustors, but
at severe operating conditlions the differences may be as great as 10 percent.

The parameter PiTi/vr obviously does not include possible effects of fuel-air
ratio on combustion efficlency. Deta presented in figure 60(d) indicate that the

effect of fuel-air ratio on efficiency varies with combustor design; it msy also vary

with operating conditions. Many combustors give substantially constant efficlency
for a range of fuel-air ratios; when thls occurs, the correlation of piT1/Vf with

combustion efficlency is generally improved. .Thus, some of the scatter of data noted

in the correlations of figure 93 may be attributed to the effect of fuel-air
ratio.

The data for the 14- combustors investigated (ref. 32) all produce curves of the
same general shape. The examples shown in figure 93 indicate that at higher
values of the parameter the effliciencies of the combustor are gooud, but combustion
efficiency may decrease rapidly at low values. This general characteristic of-the
curves led to the suggestion {ref. 32) that a concept of & critical value of the
parameter might be developed to distinguish between satlsfactory and unsatisfactory
rangeg of operating conditions. Combustors could then be rated according to these
critical values of the parameter. In other words, an examination could be made of
the relative ratings of combustors and engines at a selected value of combustion
efficlency, and the rating values would be expressed in terms of the parameter
piTi/V . On such a scale, the beat“combuators ypuld.have low values of critical

P4T1/Vr.

In order to obtain a more critical test of the assumption that the rate of
chemical reaction controls turbojet combustion efficlency, combustor tests were
conducted with a variable concentration of oxygen in the inlet oxygen-nitrogen mix-
ture. Investigations show marked effects of oxygen concentration on combustion
properties such as minimum spark-~ignition energy, quenching distance, and burning
velocity {ref. 33, pp. 303, 304, 405-407, and 460-467). Oxygen concentration is,
therefore, & means of varylng the combustion characteristics without appreciably
changing such factorg as Inlet velocity, turbulent mixing as assoclated with inlet
conditions, and fuel-spray characteristics.

The effects of oxygen concentration on combustion efficlencies obtained with

both 1liquid fuel (isooctane) and gaseous fuel (propane) were determined in & 7-inch
tubular turbojet combustor (refs. 19 and 34). Typlcal data are presented in

4
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figure 94. Even though such flow parameters as velocity and Reynolds number were

‘constant, the combustion efficlency increased with oxygen concentration, the rate of

Increase belng greater at lower wvalues of oxygen concentration. This observation
establlishes the importance of molecular processes In the combustion process. As would
be expected, combustion efficlency also increassed with an increase in iInlet-air pres-
gure and was higher with the vapor fuel. These results indicate that, when grosser
Physlcsl processes assoclated with combustor-inlet conditions are held constant,
variations in the molecular-scale processes will affect the performance of a turbojet
combustor.

In the application of the varlsble-oxygen-concentratlon data of references 19
and 34 to the basic kinetics equation (1), the burning-zone temperature T, could no
longer be considered independent of inlet conditions, since variations in oxygen
concentratlion result in appreclaeble changes in the flame temperature of stolchiometric
or richer Pfuel-oxygen-nitrogen mixtures. The burning zone temperature Tb was there-
fore arbitrarily teken as the stoichiometric ediabatic equilibrium temperature. For
these conditions, the ratic of the reactents (fuel and oxygen) NpNp 1s zassumed con-
stant in the combustion zone, and equation (1) can be expressed as

-E
P17y [ FF
LR ?33% (3)

where Teq is the stoichiometric adiabatic equilibrium temperature, and o Is the
oxygen concentration. o _.

The epplication of equation (3) to experimental data of references 19 and 34 l1s
shown in figure 95 for a fuel-eir ratlo of 0.012. The equilibrium temperatures
were computed by methods described in reference 35. An activation energy E of
37,000 calories per gram-mole satlsfactorily correlated the data obtained with liquid
iscoctane. This value is in reasonsble agreement with the apperent activation
energy of 32,000 calories per gram-mole obtained from adliabatlic-compression-ignition
dsta {ref. 33, p. 188). For the correlation of the data obtalned with gaseous pro-
pane (fig. 95(b))}, & value of E of 27,818 calories per gram-mole was used. How-
ever, because of the sensitivity of the correlation parameter to oxygen-concentrgtion
meesurements in the low-combustion-efficiency range, any value of E between about
27,000 and about 33,000 calories per gram-mole would be satisfactory. A value of
38,000 calories per grem-mole is cited in reference 36.

The scatter of data from the mean correlation curves of figure 95 is con-
slderably less than that of figure 93. Perhaps a major reason for the improvement
in the correlation wes the removal, in the data of figure 95, of the varleble fuel-
air ratio. A comparison of data obtained wlth the 1iquid fuel at four fuel-air ratlos
is presented In figure 96. The correlation curve varies considerably with fuel-
air ratio, combustion efficlency Increasing with en increase in fuel-air ratio. With
gaseous propane fuel.(ref. 19), fuel-air ratio hed g reletively small effect on com-
bustion efficlencies, except at low values of oxygen concentratlon.

Correlation with Fundamental Combustlon Properties
The deta presented in the preceding section of this chapter indlcate that the
combustion reaction step can be a rate-controlliing step in the turbojet combustion

process. An snelysis based on this fact provided a possible means of predicting the
effects of operating vaeriebles on combustion efficiency. Other attempts to define
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the rate-controlling step have conslidered fundamental combustion properties of fuels,

such as burning velocity, minimum ignition energy, inflammability iimit, or quenching
distance. The data requlred to develop possible relations between these factars and -
combustion efficlency have been obtained (1) with fuels having different fundamental
combustion properties (refs. 5, 37, @nd 38) and (2) with various inlet oxygen-nitrogen
mixtures {refs. 19 and 34).

Minimm spark-ignition emergy. - A comparison of the effect of preassure and
oxygen concentration on minimm spark-ignition energy ard combustion efficiemcy of
isooctane fuel was made (ref. 34) using values of minimum spark-ignition energy
arbitrarily taken at the eguivalence ratlos giving the lowest values of energy. The
following approximate relation for combustion efficiency s combustor-inlet pres- é
sure py, and minimm spark-ignition energy E,; was developed for data obtained in
the single tubuler c¢ombustor at constant inlet-alr temperature, air flow rate, and

fuel-air ratio:
Piz
W =/ Em) (4)

The correlation at one fuel-air ratio with liguid iscoctane fuel is shown in figure
97. Bimilar correlstions were obtained at other fuel-air ratios.

Attempts were made in the same menner to correlate data obtained with gaseocus
propane (ref. 19), but there was no consistent relation between combustilon efficiency
and minimm spark-ignition energy. The inability to chtain a satisfactory correla-
tion was attributed to large errors arising in the required extrapolation of the
ignition-energy data. Results obtained in turbojet combustor teste with wide varie-
ties of fuels (refs. 5, 37, and 38) indicate no consistent reletion between minimum
spark-ignition energy and turbojet combustion efficiency.

Quenching distance. - It has been found (ch. ITI) that, over wide ranges of
pressure and oxXxygen concentration, quenchling distance d and minimum spsrk-ignition
energy Em are spproximately related by the expression

By = ka%

where k 1s a comstant. Quenching dlstance would, therefore, be expected to corre-
late satisfactorily the combustion efficilency date obtained with iscoctane in ref-
erence 34 but pot to correlate the date of references 5, 19, 37, and 38. Attempts
to correlate the combustion-efficiency data obtained with gaseous propane (ref. 19)
with gquenching-distance data for propene (ref. 39) have not been succesaful.

Burning velocity. - Another combustlon characteristic of interest in the evalua-
tion of combustor performance is burning velocity. Baslc investlgations of burning
veloclty are discussed extensively in chapter IV, and certain relations are developed
to show the effect of varisbles on burning velocity. An effort is made in reference
34 to relate basic burning-velocity considerations to combustor performance data x
obtained with varying iniet oxygen concentration. The equation developed 1ln refer-
ence 34 relates combustilon efficlency and maximum leminar-flame speed up by the

expression
T =/ (pi1/3 -:—f) (5) ¢

This equation assumes constant inlet-air temperature apd constant flow rate of fuel
and oxygen-nitrogen mixture. Yor constant inlet temperature and for flame speed
essumed. independent of pressure and Reynolds number (ref. 36), the maximum flame
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speed. of at least some fuel oxygen-nitrogen mixtures has been found to be proportional
to the term (o - K} (ch. IV), where K 1s a constant dependent on fuel type, and «
is the oxygen concentration by percent. BSubstitution of this term in equation (5)
gives . B . :

2 /3 (a -
=/ = é Y (e

r

As shown in figure 98(a), the flame-speed perameter of equation (6) satis-
factorlily correlstes combustion-efficlency data obtalned with liquid isooctane
(K = 12) at one fuel-air ratio and over a range of combustor-inlet pressure and oxygen
concentration. Equally satisfactory correlations were obtained at other fuel-ailr
ratios. Equation (6) was also found to be suit&ble for correlation of gasecus-propane
(K = 11.5) date (ref. 19), as shown in figure 98(b).

Investigations conducted with five different hydrocarbon fuels in a turbojet
combustor (ref. 5) indicated that the most consistent performance trends were obtained
witk meximum fundamental burning velocity. Combustion efficiency generally increased
with an increase in burning velocity. Exceptions to this trend occurred, particularly
at very low alr-flow rates, indicating the presence of other controlling factors not
considered. Other fundamental combustion properties that were considered in reference
S5 included minimum ignition energy, spontanecus-ignition temperature, and flemmebility
range. The fuels that were chosen have minimum variations Iin physical properties.
With this restriction the possible range In combustion properties was necessarily
quite small.

Investigations of 13 hydrocarbon and nonhydrocarbon fuels having considerably
greater varistion in comhustion properties are reported in reference 37. Tests were
conducted in the same combustor and at the same operating conditions as those used
in reference 5. Figure 99 shows the varilation in combustion efficlency with
meximm burning velocity for the data of references 5 and 37 &t one of the two inlet-
alr temperatures Investigated. Included in the figure are comparable combustion-
efficiency date obtained with lsooctane end verylng mixtures of oxygen and nitrogen
(ref. 34). There is a definite trend towards an increamse in combustion efficlency
with en increase in maximm burning velocity. Nevertheless, wlde deviations from
the single curve are apparent. Less distinct trends were obtained with the other ’
fundemental combustion properties. ' '

The 18 fuels represented in figure 99 vary markedly rot only In composition,
including hydrocarbons, oxygenated hydrocarbons, and fueles containing nltrogen, sulfur,
and silicon, but also in physical properties, particularly those refleciing vaporiza-
tion rate. Consequently, the fundamental burning veloclity up was combined, empiri-
cally, with the letent heat of vaporization H Into the correlsting paremeter
uf/ '33 Figure 100, which shows the reletion between this empirical parameter

and combustion efficlency using data of filgure 99 ; Indicetes some degree of
correletion; however, several fuels, notebly carbon d.isu]fid.e, deviate considerably

from the falred curve.

The range of combustilon properiies represented by the deta of references S5 and
37 was considerably greater than would be encountered in conventional, reedily
availlgble turbojet fuels; therefore, insofar as combustion efficiency is concerned,
fuel composition is not regarded as an important factor in the selection of fuels
for general operationsl use. Evidence that the rate of combustion reactions may
influence the performsnce of the combustor at some conditions of operation has led
many investigators to study the effectiveness of fuel additives. A large number -
of additives have been examined, including oxygenated materials and organo-metallic
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compounds, but in gereral, no significant improvements in combustion efficiency have
been noted. These cbservations are comsistent with results of fundsmental studles
described in chapter IV.

Significance of Combustion-Efflciency Correlations

Betlsfactory correlations betweern combustion efficlency and operating variables
have resulted from assumptions that the efficiency was limited by elther (1) the rate
of oxidation of the fuel or (2) the rate of spreading of the flame into unburned
mixture. These assumptions ylelded two distinct correlating psrameters, PiTi/vr

from the reactlon-kinetics anslysis and p11/3uf/vr from the flame-spreading analysis.

The paremeter pil/suf/vr is applicable only for conditions of constant combustor

inlet-air temperature. For a given fuel, a more general form of this parsmeter that
includes the inlet-air temperature as a varisble but neglects the effect of pressure

and Reynolde number on flame speed is pil/sTil'l/Vr {ref. 40). The similarities

between the two parameters derived by different methods of anslysis are now apparent.
Since the exponents of the pressure and temperature varlables are not the same in the
two cases, it 1s also apparent that—both parameters will not adequately correlate
combustion-efficiency data cbtained over wide ranges of inlet-air conditioms. '

The chemical reaction parameter piTi/Vr is equal to a dimensionsl constant
times the parameter piz/wa, where wg 1is alr-flow rate. The flame-spreading parame-
ter pil/sTl‘l/Vr is, similarly, equivalent to & dimensionsl constant times

pl‘sTio'l/Wé. The ratio of exponents on the pressure and air-flow terms in the two
cagses are 2 and 1.3, respectively.

Tests were conducted in a turbojet combustor operating on gasecus propane fuel
over a wlde range of pressure and air flow In order to determlne experimentel values
of the exponents (ref. 40). Representative results at one fuel-air ratioc are shown
in figure 10l1. The slope of a line indicates the ratio of exponents of the cor-
relating parameter that best fits the experimental data. At low values of pressure
and weight flow, the slope is sbout 2, which corresponds to that predicted by the
reaction-kinetics parameter. At high values of air flow and pressure, the slope is
about 1.3, a value corresponding to that of the flame-spreading perameter. These
data indicate a shift from one rate~controlling process to another as combustor op-
erating conditions are varied through wide ranges. The fact that the reaction-
kinetics parameter appears to control combustion only et very low-pressure conditions
might be attributed to the dependence of the chemical reaction on the square of the
pressure. At the higher pressures, the reactilon is very rapid and ies no longer the
rate-controlling step.

The correlations of combustion efficlency with the reaction-kinetics and the
flame-spreading parameters are based on very limited data obtained over a relatively
narrow range of operating and design verisbles. Hence, the conclusions drawn from
the correlstions must be considered very tentative.

The conversion processes Just dlscussed are not, of course, the only ones that
might be considered to limit combustion efficiency. Theoretical anelyses have been
mede at the Lewls laboratory assuming one of the following as the rate-determining
step: (1) fuel vaporization, (2) fuel-air turbulent mixing, and (3) fuel droplet
burning (ref. 41). With each of these agsumptions, however, the theoretical pre-
dicted effects of operating variables on combustlon efflciency differed markedly
from the effects observed experimentally. Nevertheless, empirical correlations have
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been developed that illustrate & very Important effect of at lesst one of these
steps, fuel vaporization. In figure 100, for example, combustion efficiency was

correlated with the perameter uf/HO.33_ Deta presented in figure 102 (ref. 42)

indicate & relation between combustion efficiency and the Sauter mean dlameter of the
fuel spray, combustion efficlency increasing as the mean fuel drop size decresses.
This relation and that shown in figure 100 both predict gn increese in efficilency
with an increase in the rate of fuel vaporization. The date presented in figure
65(b) indicate that reduced efficlencies can result from either too fine or too
coarse & degree of atomization, depending upon the operating conditions. Thus, al-
though fuel atomization and vaporization factors have marked influences on combustor
performance, they may not be used successfully to correlate combustion-efficlency
deta over & wlde range of conditions. :

The preceding discussion Indicates that elther of at least two of the conversion
processes that occur in the turbojet combustor, fuel vaporizaetion, or combustion, may
be rate-controlling, depending upon the choice of operating condltions and combustor
design. Furthermore, the ways Iin which each step limit the conversion process may
vary wilth operating conditions. It is reasonable to expect, then, that the combustion-
efflciency trends of the turbojet combustor wlll be completely descrlbed only by a
complex parameter that accounts for chenges in the rate-controlling steps wlth changes
in operating conditions.

Methods of Estimating Combustion Efficiency of Turbojet Combustor

The preceding discussions have 1llustreted severael methode by which combustion
efficiency has been correlated with combustor operating varisbles. The simplified
form p4T4/Vy. of the reaction-kinetics parameter (eq. (2)) was chosen in further
investigations (ref. 43) to develop a convenient method for estimating combustion
efficiency et altltude £light conditions from & minimm gquantity of combustor test
data.

The method developed 1s illustreted in figure 103. Sections I, II, and III
of the figure convert the effects of pressure ratio, flight Mach number, air-flow
rate per unit cross-sectional ares, and flight altitude on combustor-inlet variables
into the parameter Vr/PiT:L' In section IV of the chart, vr/PiTi is plotted sgainst

combustion efficiency for three combustors to give typical correlation curves. The
combustion parameter 1s inverted from the form presented Iin preceding figures, be-
cause the reciprocal form vr/P:LTi was found, in reference 17, to glve very nearly

straight line relations orn linear coordinates.

Use of figure 103 requires that the following data be avallable for the
particular combustor and engine under conslderation: (1) sufficient combustor data
for esteblishing the V,./p;Ty correlation and (2) the sea-level static performance

of the engine (for esteblishing air-flow rate, pressure ratlo, and turbine-inl=t tem-
perature at various engine speeds). With these data, It is posslble to select, In
order, the pressure ratio and the flight Mach pumber (sec. I) s the air-fiow rate
(sec. II), and the altitude (sec. III), and to predict the combustion efficiency that
would be cobtalned with any combustor for which the correlation curve 1s plotted in
section IV. The values of pressure ratioc and alr-flow rate at the desired altitude
conditions are determined from plots of these variebles against the corrected engine

speed N/4/@.

The chart is based on the assumption that the operating characteristics of engine
components other than the combustor do not vary with changes in altltude; that is,
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currected alr-fiow rates, prespures, and temperatures of these components are assumed
to be unique functions of corrected engine speed. It must also be recognized, of
course, that the accuracy of prediction is no greater than the accuracy of the rels-
tion between V. /PiTi and combustlon efficlency. As discussed previously in this
chapter, some combustors may glve very poor correlations, particularly 1f combustion
efficiency varies appreciably with fuel-aly ratio. -

COREELATION OF OPERATING VARTABIES WITH COMBUSTION LIMITS

At high-altitude operating conditlons turbojet engines may encounter an altitude
operational 1imit (figs. 59 and 74). As in the case of combustion efficiency,
attempts have been made to correlate these limite with operating variables. In addi-
tion to facllitating prediction of full-scale engine operating characteristics from
limited laboratory tests, such correlations 1nd1cate the relative importance of the
varlous operating variables concerned.

Altitude operational limits occur when the combustor is unable tc supply the
temperature rise required to operate the engine at the desired altitude and engine-
speed conditions {fig. 61). Although the lean fuel-air-ratic limit may, in some ~
engines, restrict the 1dling speed of the engine, the rich limit (meximum tempersture
rise) will usually establish the altitude ceiling in the normsl operating speed range.
For this reason, the maximum-temperasture-rise characterlstics of combustors have been
emphasized in most combustion studies, and the correlations discussed herein consider
only these characteristics. '

The combustor inlet-air variables that affect the maximm combustor temperature
rise include inlet-alr pressure, temperature, and velocity. The effects of these
variables on stabllity are, in many cases, similar to their effects on combustion
efficiency; thus, as DPressure and temperature are decreased, and as velocity is in-
creesed, the maximmm combustor temperature rise is generally reduced. As a result
of these trends, correlations of similar form have been developed for both combustion
stability and combustion efficiency. The maximmm combustor temperature rise cobtain-
able at selected. flow conditions 1is correlated with a modification of the combustion-
efficiency parameter. PiTi/vr in reference 44. Typical data are presented in flgure
104, with the ratio of maximm temperature rise to combustor inlet temperature

Plotted sgainst the factor pil'4s/wa for two laboratory-scale and three full-scale

combustors. For a given combustor inlet temperature, higher combusetor temperature
rises are obtainable &t higher pressures and lower velocities (lower air flows).

Additional data obtained in lsboratory-scale and full-scale prevaporizer combus-
tors are correlated with a slightly modified parameter (q/ Ti/V }, which is propor-
tional to pil s/wa, in references 45 and 46. Btability—limit data obtained at the

Lewis laboratory in two full-scale combustors (refs. 3 and 5) are plotted against the
modified parameter 4/PyT;/V, of reference 45 in figure 105. A fair correlation

was obtained. TFor comparison purposes the stability data of figure 105 are re-
plotted agalinst the combustion-efficiency parameter PiTi/Vr in figure 106. Some
increase in scatter of data points is noted Iin figure 106.

Correleting perameters of the form pinTi/Vr can be ugsed in conjunction with

charts similar to that shown in figure 103 to predlct altitude operational limits

of* a turbojet engine. For example, maximum-temperature-rlge values could be plotted
against piTi/Vr in section IV of Ffigure 103. Comparisons of the meximm tem-
perature rise obtainable with the combustor and the temperature rise required by the
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engine at various operating conditions would establish the altitude operatlonsl
limits of the engine. A chart similar to the one shown in figure 103 could elso
be constructed by using the parameter 4/pyT;/V..

Fuel variebles, as well as operating variables, affect maximm obtainsble tem-
perature rise. With very limited data, a relation 1s estebllshed in reference 5
between maximm temperature rise and the meximum burning velocity of the fuel. This
relation 1s shown in Tigure 107, where maximm temperature rise generslly increased
with an Increase in burning velocity. However, at some conditions the results ob-
tained with n-heptane deviate from the general trend. Other fundamental combustion
cheracteristics examined in the investigation of reference 5 dj.d. not indicate con-
sistent trends.

From the date presented herein 1t may be concluded that some degree of correla-
tion has been obtained between maximum temperature rise and parameters of the form
pin‘.T.‘i/V . The correletions indicate the relative effect of operating variables on
stablility; however, only approximate estimates of engine performance can be obtained
at the present time by use of the correlatlons. Research also indicetes some relation
between temperature-rise limits and the fundamental flame speed of the fuel. The
degree of correlation obtained in these Investlgations mey be Influenced significantly
by the accuracy of the combustion data considered; data obtained at or near blow-out
conditions are freq_uently difficult to reproduce.

EFFECT OF COOLANT INJECTION ON COMBUSTOR PERFORMANCE

The meximm thrust output of a turbojet engine may be Increased, particularly
for short perlods of operation as in teke-off end combat maneuvering, by the injec-
tion of a liquid coolent into the airstream. Coolants such as water, water-alcochol
mixtures, and smmonis have been injected into the engine inltet, the compressor, and
the combustion chambers (refs. 47 to 49) to provide thrust increa.ses of 20 to 25 per-
cent. The quantity of coolant injected, and, hence, the thrust increase, is limited
by com'bust;ion performance of both the primary combustor and the afterburner (refs.

48 and 49).

The ratios of augmented to normal combustion efficiencies obtalned in a turbojet
engine eguipped with water-alcohol injection ports in tubuler combustors (fig. 108)
are presented in figure 109 (ref. 47). At sltitudes of 30,000 to 50,000 feet com~
bustion efficiency decressed only slightly as the liquid-air ratic was increased to
approximately 0.10 (1iquid: 30 percent alcohol, 70 percent water). Anglysis of the
data indicates that at least a part of the alcohol that was Ilntroduced burned within
the combustion chambers. The effect of coolent injection on combustion efficlency
appears to be most significent at the lower altitudes; at sea-level, with a variable
exhaust nozzle, combustlon efficlency decreased rapldly with an increase 1n ligquid-
air ratio above about 0.08. The loss in efficlency et low altitudes was attributed
to the greaster penetration of the coolant at the higher 1iquid flow rates (hence,
higher pressure drops) required. It may be assumed that the penetrating coolant Jet
guenched volumes of fuel-air mixture that bhad not yet burned.

In another investigation (ref. 48) the effect of glcohol-water injection on the
combustion efficiency of a tail-pipe burner was determined. Combustion efficiency
was reduced as much as 35 percent at some fuel-alr-ratlo conditions; a reduction of
25 percent was observed at the optimm tall-pipe fuel-air ratio. Unsteble operation
of the teil-pipe burner accompanied the rspid decrease in combustion efficlency. A
similar investigation (ref. 49) using anhydrous liquid ammonis injected at the com-
pressor inlet Indicated no loss in combusiion efficlency at stolchiometrlc mixture
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conditions (includ.ing the ammonisa as a combustible). Operation st leaner or richer
than stoichlometric mixtures resulted in significant decreases in combustion effi-
ciency. OCalculations made in reference 50 indicate that approximetely 35 percent of
the ammonia burned in the engine combustion chambers at high welght flows of ammonis,
permitting a decrease in fuel-flow rate.

An investigation (ref. 51) was conducted in & direct-connect-duct installation
to determine the effect of water injection on the maximm obtainmsble combustor tem-
perature rise in a ¢combustor similer to those used in the engine of reference 48.
Weter was injected from spray nozzles located (l) aheed of the combustor-linlet sta~
tion, (2) in the upstream end of the combustor liner, (3) halfway along the length
of the combustor liner, and (4} in the downstream end of the combustor. With water
injectlion at the first two stations, no indications of liquid water at the combustor
cutlet were present. With water injectlon at the last two stations, liquid water in
the exhaust was observed &t high liquid-air ratios. Plgure 110 presents results
of this investigatlon in terms of the variation in maximum total ligquid-sir ratio
with altitude for each of the four injection stations. The maximm liquid-alr ratio
was limlted by either flame blow-out or inmablllty of the combustor to attein the re-
quired temperature rise at the rated-engine-speed conditions investigated. The total
liguid-alr ratio was most severely limited at the lowest and the highest altitudes
investigeted. Higher liquid-air ratios could be tolerated when the coolant was in-
Jected farther downstream in the combustion chamber (statlons 3 and 4).

The effect of water injection on combustion is also of significance in considering
flight of turbojet-powered aircraft through heavy precipitation. Figure 111 shows
the meximm atmospheric water-eir ratios that might be expected, based on a precipita-
tion rate of 33.5 inches per hour measured over & 1l0-mimute period and over an areas
of 1.0 square mile (ref. 52). The curve representing the limiting water-air ratios
that could be tolerated, at rated engine speed, by the combustor of reference 51 is
included in figure 111. This curve was obtalned with water injection 62 inches
upstream of the combustor (station 1). Comparison of the curves of figure 111
indicates thet no combustlon problems should result from ingestion of water by a
turbojet engine operating in heavy rainfall. The data were obtalned for only one
turbojet combustor design, however, and other designs could conceivably be more
sensitive to water iIngestlon.

EFFECT OF AIR-FLOW FILUCTUATIONS ON COMBUSTOR PERFORMARCE

Chapter XI discusses the phenomenon of compressor surge and associated unsteady-
state flow conditlions existing in turbojet engines during engine acceleration or
deceleration. It 1s pointed out that during transient operation unfavorable mixture
conditlons may exist in the combustor, resulting in flame blow-out. The discussion
(ch. XI) considers primarily the effects of fuel-flow-rate changes on combustor blow-
out. It would be expected that rapid changes in air-flow rates resulting from pres-
sure surging masy also affect mixture conditions and, hence, fleme blow-out character-
istics. Another phenomenon that mey be consldered to cause flow fluctuations 1s
combustion resonance, which hass been observed 1n both single-burner and full-scale-
engine test units. The following discussion describes typlcal effects of flow
oscillations, caused by elther air-supply fluctuations or burner resonance, on the
performance of turbojet combustors.

The variation of combustor temperature rise with fuel-alr ratic obtained in an
annular combustor operetling over a range of air-flow rate and inlet-air temperature
is shown in figure 112(a) (ref. 3). Regions at resonsting combustion observed in
the tests are denoted in the figure by dashed curves. The faired curve representing
an air-flow rate of 11.2 pounds per second has been modified somewhat from that

-
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presented in reference 3 in order to show more clearly the effect of combustion
resonance on performance. Resonant combustion occurred at the higher fuel-elr ratilos
and wes accompanied by a decrekse in combustor temperature rise and In combusilon ef-
ficlency based on theoretical temperature rise. Reductlions In efficlency thait ac-
companied combustion resonance were more pronounced and were evident over wlder ranges
of fuel-air ratio as the alir-flow rate wes increesed and the Iinlet-alr temperature
wag decreasged. The resonance encountered in the reglions of the dashed curves was
described in reference 3 as "temperature fluctuations at combustor outlet" accompanied
by either "rapid flickering at base of Fflame"” or "noilsy vibration of combustor and
adjacent ducting.” In general, the resonant combustion was encountered at conditions
that approached the operational limits of the combustor.

Similar data were obtalned in & single tubuler combustor operating over a range
of fuel-air ratio and air-flow rate at constant Iinlet-air pressure end Inlet-air tem-
perature; iypical results are presented In figure 112(b)}. In the tubular combus-
tor, resonance was observed only at the lower efr-flow rates. Combustor temperature
rise and, hence, combustion efficlency increased when resonance occurred in the tubu-
lar combustor, whereas in the annular combustor, efficlency decreased (fig. 112(a)).
This difference in trend may be attributed to differences in combustor design, oper-
sting conditions, fuel characterlstics, or to differences in the characteristics of
the resonance encountered. A varlsble-ares fuel nozzle operating at a constant pres-
sure differential of 25 pounds per sgquare Inch was used to obtain the data shown in
figure 112(b)}. Since it was considered possible for the spring-loaded mechenism in
this nozzle to incite the cobserved resonance, tests were repeated with a fixed-srea
nozzle. Similer trends were observed, bub resonance generally occurred at lower fuel-
air ratios with the smaller, fixed-ares nozgle.

Dete obtained in the same tubuler combustor with three fuels varying both ir
hydrocarbon type and in volatility are presented in figure 113. At these condi-
tions, resonant combustion, eaccompanied by an increase in performance, occurred with
all three fuels. However, the fuel-air ratio and the temperature rise at which reso-
nance first occurred varled with the fuel used. Other data obtained with a number
of fuels at various operating conditions in & gimilsr tubular combustor (ta.ble iI,
ref. 5) indicate that combustion resonance was encountered at certain operating
conditions; however, no significant effects of the resonance on performance were
observed. No explenation for varlations In the observed effects of resonance on
performance i1s apparent from the limited data available.

The Investigation reported I1n reference 53 was an attempt to study more
thoroughly the effect of inlet-alr flow fluctuations on the performence of & 2-inch-
diemeter turbojet-type combustor. By varying the rotative speed of an inlet-air
butterfly valve, an oscilleting flow of controllable freguency could be supplied to
the small-scale combustor. Pigure 114 shows the effect of osclllation frequency
on combustion efficiency of two fuels at two operating conditions in the smsll-scale
combustor. At the higher pressure and air-flow rate (fig. 114{a)), an increase in
oscillation frequency Increased combustion efficlency slightly; at the lower pressure
and air-flow rate (fig. 114(b))}, an increase in oscillation frequency decreased com-
bustion efficiency. A maximum reduction in combustion efficiency of 15 percent was
observed with isococtane fuel with an oscillatory frequency of about 180 cycles per
second.

The effect of the oscillation frequency on the maximmm stable temperasture rise
of the combustor is shown in figure 115. As frequency was Increased, the meximum
temperature rise decreased rapidly, reached a minimum value, and then increased.
Similer trends were observed with the two fuels investigated, n-heptane and isooctane.
The grestest effect of the induced oscilllations on the maximum temperature rise was
observed at a frequency of sbout 80 cycles per second. Detes cbtained in the same
combustor at a lower pressure and a lower air flow (ref. 53) showed thet the maximum
reduction In {emperature~-rise 1imit occurred at a lower frequency of ebout 40 cycles
per second. : ’
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From the data presented herein it is concluded that air-flow fluctuations may
affect the performance of turbojet combustors. The nature and the degree of the -
effects are apparently functions of cowbustor. operating conditions, combustor design,
fuel characteristics, and possibly combustor accessory ducting. The frequency and
perhaps the amplitude of the fluctuatlons Influence the results cbtained. Basic con-
giderations of combustion suggest that flow fluctuations probably affect combustion
performance by (1) varying the degree of turbulence in the flsme zone, (2) altering
air-distribution characteristics, {3) altering fuel-spray characteristics, and (4)
rapldly shifting the flame front in and out of favorable combustion zones. A more
complete discussion of the causes and characteristics of combustion resconance may be
found in chapter VIII.

| -
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SIGNIFICANCE OF COMBUSTION EFFICIENCY AND STABILITY
DATA IN COMBUSTOR DESIGN

Reduced combustiorn efficiency and stability of turbolet combustors at high-
altitude operating conditioms seriously 1limit the usefulness of the turbojet engine.
Examinstion of the basic factors affecting these performance characteristics indicates
that decreased combugtor Inlet-air tempersture and pressure and incressed air velocl- . L
ties result in decreased efflciencles and stability. The effects of these combustor
inlet-air variables on combustion efficlency are correlated by several para.eters
derived from theoretical considerations of (1) flame velocity, (2) minimum ignition .
energy, and (3) regction kineticse. A simplified form of a reaction~kinetlcs parsme-
ter vf/PiTi appears generally satisfactory for much of the combustion datas consld-
ered. Its application to the problem of predicting combustion efficlencies of a T T
given combustor in full-scale engines at £light conditions has been described. Pa-
rameters of the same general form may also be used tc correlate combustion-limit
data, allowing estimates to be made of the altitude operational limits of a turboJet

engine. e

In addition to the inlet-alr variasbles, the over-sll fuel-air ratioc has very
important effects on combustor performance; overlean or overrich fuel-alr mixtures
in the combustion zone result in decreased efficilencles and in fleme blow-out. The
fuel-alr-mixture conditions are influenced by three factors: (1) fuel atomization
and distribution characteristics, (2) fuel vaporization rate, and (3) air admission
patterns. Ophimum performance of the combustor is obtained only if all these factors
are tailored to one another. _

The magnitude of the effects of fuel-air-mixture variables on combustor per-
formance depends upon the severity of the lnlet-air conditions. More accurate con-
trol of these variables is reguired as inlet-alr pressure or temperature is reduced
or &s alr velocity 1s increased. Thus, the problem of designing high-performance
combustors becomes more difficult as the opermting altitudes of ailrcraft are Increased
and as the air- handling capacities of engines and, hence, combustor flow rates are
increased. . . e e e .. — . e =
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(b) Effect of flight Mach number. Altitude, '55,000 feat.
Figure 58. - Effect of fligh? conditions on combustion efficiency of turbojet

engine over range of englne rotational speed. Englne sea-level pressure ratio,
5; exhaust-nozzle area, 534 square inches (ref. 2).
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Figure 60. - Effect of operating variebles on combustion efficiency of two different turbojet

combustors.
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Figure 61l. - Effect of altitude on required and avaeileble
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temperature rise of turbojet cambustor. ERangine rated sea-
level pressure ratio, 4; engine rotetional speed, 10,000
rom; fuel, eviation gasoline (AN-F-28).
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Pigure 64. - Effect of fuel-nozzle capacity on combustion efficiency
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(b) Fuel-injection pressure.

Flgure 65. - Effect of fuel-nozzle capacity asnd injection pressure
on combustlion efficlency of an annular turhojet combustor using

eviation gasoline.

Inlet-air pressure, 7.7 pounds per square inch

absoclute; inlet-air temperature, 530° R; reference velocity, 64

feet per second (ref. 10).
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Figure 66. - Combustion efficiency of turbojet engine operating with varlable-area or with
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(b} Spray photogreph ir turbojet combustor.
Fuel-flow rate, 47 pounds per hour; air
veloclty, 80 feet per second.

(a) Spray photograph in quiescent air.
Fuel-flow rate, 40 pounds per hour.

Figure 71. - Photographs of fuel sprays in quiescent air and in nonburning tubular
turbojet combustor. Inlet-slr pressure, 12.8 pounds per square inch absolute; inlet-air
tempereture, 510° R; 40-gallon-per-hour, 80°-spray cone; fixed-aree mozzle (ref. 14).
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Figure is. - Variation of combustlion efficlency with altitude

for three fuels of different volatlility in annular combustor.
Simulated compressor pressure ratlo, 4; engine speed, 80 per-
cent of rated; flight Mach number, 0.0 {(ref. 10).
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Figure 76. - Effect of fuel volatility on combustion
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Figure 78. - Effect of fuel and inlet-air temperatures on combustion

efficiency of two fuels in tubular turbojet combustor.

Conbustor

inlet-alr pressure, 10 pounds per square inch absolute; alr-flow rate,
4000 pounds per hour; heat-inmput rate, 240 Btu per pound of air.
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Figure 79. - Effect of operating verisbles on combustion efficiency of
two fuels in tubular vaporlzing combustor. Heat imput, 366 Btu per
pound of air (ref. 21).
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obtained in single tubulsr combustor. Inlet-glr pressure, 8.3 pounds per squere

inch absolute; inlet-alr temperature, 620° R; inlet-alr veloclty, 80 feet per

second; fuel, propane vapor (ref. 22).
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(v} Circular primary-air emtries (ref. 1T7).

Flgure 84. - One-quarter views of experimentel snmlar combustors.
]
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(d) Segmented flow.

Flgure 85. - Sketches of experimental tubuler-combustor configurations
showing internel air-flow patterms (ref. 25).
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Figure 95. ~ Concluded., Correlation of combustion efficiency of
single tubulaxr combustor with parameter from second-order-reaction
equation. Inlet-eir temperature, 500° R; oxygen-nitrogen flow rate,
3600 pounds per hour; fuel-air ratio, 0.0l2.
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Figure 108. ~ Water-alcohol injection nozzle and its loecation in tubuler
combustion chamber (ref. 47).
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per second; fuel, AN-F-22 (ref. 3).

Flgure 112. - Combustor performance obtained during resonant spd nonresonant combustion.
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(b) Single tubular conbustor.

resonant combustion.
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Inlet-alr pressure, 7 pounds per square inch sbsolute;
inlet-air temperature, 500° R; fuel, high-boiling paraffin.

Figure 112. - Concluded. ~Combustor performance obtained during resounent and non~



Combustor temperature rise, °F

. v CC=28 = .
1200
- /?;”
’m ’D . ./0
> . “00
|~ 29
” .‘ —0, 00
1000 - =§o10
. A -~ -
i 9 L °
F P
! Ry
800 A v
o
/ ]
AT Pad 1
/ B 49/6 , '
600 z’u/ ./ /
" . ad oY
/ / Fuel. Boiling
£ P temperature, -
400 Bigh-bolling paraffin 480 to 574 A
‘ O  Tsoheptsne 170 to 206
Q ¢  Dilsopropylbenzene 380 to 398
Noorescnant combustion .
——w—==Regonsnt combustion
200 I I I T N
.008 .00 012 .014 .016 .018 020

Fuel-air ratio

Flgure 113, -~ Effect of fuel characteristics on combustion resonance in single
tubular combustor. Inlet-alr pressure, 7 pounds per square Inch sbsolute; inlet-
elr temperature, 500° R; elr-flow rate 5 0.61 pound per second; veriable-area fuel

nezzle.

.02z

gZDSSE WY VOVN

we



202 ’ ] NACA RM E55G28

g0 |
| |
80
_—_._——-—-—-—-——--A-_—_--—_ Fue:L
n-Heptane |
— ==~ =~ Isococtane
70 ’ '

(a2} Combustor inlet-air pressure, 29.5 pounds per square inch
absolute; slr-flow rate, 0.174 pound per second.

Combustion efficiency, percent

80
N
N
\_\.~
70 e N3 =
\ﬁh\“
"-w-.____

60 -

0 40 80 120 160 200

Frequency of driven oscillation, cps

(b) Combustor inlet-air pressure, 18.7 pounds per square inch
absolute; air-flow rate, 0.093 pound per second.

Figure 114. - Effect of oscillating combustor alr supply
on combustion efficiency of 2-inch-diameter combustor.

Fuel-sir ratio, 0.005 to 0.015 (ref. 53).
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Maximum steble combustor tempersture rise, °F
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Figure 115. - Effect of oscillating combustor air supply on
maximum stable temperature rise of 2-Iinch-diameter combustor.
Inlet-alr pressure, 29.5 pounds per square inch absolute;
inlet-air temperature, 660° R; alr-flow rate, 0.174 pound per
second (ref. 53).
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CHAPTER XTIIT
COKE DEPOSITION AND SMOKE FORMATION IN TURBQJET ERGINES

By Jerrold D. Wear and Robert RE. Hibbard

INTRODUCTION

In the early development of Jet engines, 1t was occaslonally found thet exces-
slve amounts of coke or other carboneceous deposits were formed In the combustion
chamber. §Sometimes s considersble amount of smoke was noted in the exhaust gases,
Excessive coke deposits may adversely effect Jjet-engine performance in several weays.
The formetlon of excessive amounts of coke on or Just downstream of a fuel nozzle
(figs. 116(a) and (b)) changes the fuel-spray pattern and poasibly affects combustor
life and performance. Similsr effects on performance can result from the deposition
of coke on primary-alr entry ports (fig. 116{(c)). BSBea-level or altitude starting
may be impaired by the deposition of coke on spark-plug electrodes (fig. 116(b}),
deposits elther grounding the electrodes completely or csusing the sperk to occur
et positions other than the intended gsp. For some time 1t was thought thet large
deposits of coke in turbojet combustion chambers (fig. 116(a)} might bresk away and
demsge turbine blades; however, experilence has indicated that for metal blades this
problem is insighificent. {Cermet turbine blades mey be damaged by loose coke de-
posits.) Finmlly, the depositlion of coke may ceuse high-temperature areas, which
promote liner warping and cracking (fig. 116(d)) from excessive temperature gredients
and varietions in thermal-expenslon rates. 8Smoke in the exhaust gases does not gen-
erelly impalr englre performance but may be undesirsble from a tectlicsel or a muisance
standpoint. Appendix B of reference 1 end references 2 to 4 present date obtained
from full-scale engines operated on test stands and from flight tests that indicate
some effects on performance caused by coke deposits and smoke.

Some information gbout the mechanism of coke formation ie given In reference 5
and chapter IX. The date indicate that (1) high-bolling fuel residuals end psxrtly
polymerized products may be mixed with & large amount of smoke formed in the gas
phase to account for the consigtency, structure, end chemical compositlion of the
soft coke in the dome and {2} the herd deposits on the liner are simllar to petro-
leum coke end may result from the liquld-phase thermsl cracking of the fuel.

During the early development period of Jjet engines, 1t wes noted that the ex-
cesslve coke deposlts and exhaust smoke were generally obtalned when fuel-ocll-type
fuels were used. Engines using gasoline~type fuels were relstively free from the
deposlits and smoke. These results indicated that some type of guality control would
be needed in fuel specifications. Also noted wes the effect of engine operating condl-
tions on coke deposition. It 18 possible that, even with & clean-burning fuel, an ex-
cessive amount of coke could be formed at some operating conditions. In this case,
combustor redesign could possibly reduce the coke to & tolerable level. This chapter
is a summary of the varlous coke-deposition and exhsust-smoke problems connected with
the turbojet combustor. Included sre (1) the effect of coke deposition on combustor
life or dursbility and performance; (2) the effect of combustor design, operating con-
ditlions, inlet varisbles, and fuel characteristics on coke deposition; (3) elimination
of coke deposits; (4} the effect of operating conditions and fuel charscteristics on
formation of exhaust smoke; end (5) various bench test methods proposed for deter-
mining and controlling fuel quelity.

COKE DEPOSITION IN TURBOJET ENGINES

The coke deposits in a turbojet-engine combustor é.re formed on the liner
walls from 2 to 6 lnches downstresm of the dome, In the dome, on the fuel
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nozzle, and on the spark plug (fig. 116(e)}). The dGeposits on the liner asre gen-
erelly hard and of & medium grsy color, show erosion marks or streeks caused by the
hot geses, and adhere strongly to the liner walls. The dome and nozzle deposits are
sometimes softer than llner deposits and generally darker in color. Theese deposite
sre probebly not hested to as high temperatures as are the liner deposits. The
amount of coke deposit obtained in one tubular combustor of a full-scale engine heas
been as much as 170 grams (fig. 116(a}); 250 grems has been cbtained from full-scale
annular combustors. Although most Investigators consider deposit weight as a measure
of the smount of coke, it is possible thet volume instead of weight should be
consldered.

Effect of Coke on Combustor Life and Performance

As stated previously, large deposite on liner walls cen cause severe tempers-—
ture gredients that may result in warping end cracking of the liner. Coke deposite
on or Just downstream of the fuel nozzle may ceuse alterations In the fuel-spray
patterns with possible effects on performance.

Life or durebility. - Severe liner warping that occurred just downsiream of a
large coke formation is shown in figure 116(d). Figure 1 of reference 6 also in-
dicates qulte clearly the effect of coke formatlons on liner warping. Information
presented in reference 6, which was cbtained from military fiight bases and overhaul
stations, indicates that severe coke deposition can cause liner fallure in as little
time &8 30 hours. In some engines, five out of eight liners had falled at the 30-
hour check time. Generally, fiight statlions that reported heavy coking in their en-
gines had much higher rates of liner replacement than did stations that reported
only small asmounts of coke bulld-up. In some ceses where the ccke deposition was
generally quite low, liner life was es long &s 200 hours. Liner life can also be
shortened because of s distortion or deflection of the fuel spray by coke formations
that causes actual burning of part of the liner. This type of fallure is alsoc re-
ported in reference 6.

Combustion efficlency and stebility. - Loss in fuel heating value due to coke
formetion in the combustlon chamber is unimportant even under the worst conditions,
As explained in chapter IX, for such conditions, the loss due to coke deposition 1s
only of the order of 0.004 percent. However, coke formetion can affect efflclency
by other wmeans. For example, an Increase in efficlency at low fuel-alr ratios sc-
companied the formetion of coke or fuel nozzles In an early type tubular combustoxr
(fig. 117). The periods of operation shown in this figure were conducted under
various test conditions. This unexpected increase in efficiency was attributed to
& change in the fuel-sprty characteristicse. Photographs of the fuel sprays in still
alr, obtained before and after the coke had been deposited, lndicated that the de-
poslits caused & large increase In fuel-spray angle and provided improved fuel drop
distribution at low fuel-flow rates. It is noted that cleaning the fuel nozzle after

6%— houre of operation reduced combustion efficlency tc the original values. The in-

sertion of a nozzle shield that prevented the formation of coke on the nozzle tip
resulted in constant combustion efflciency with run time. An opposite effect of
coke deposits on full-scale-engine performance 1s reported in reference 6, It was
reported from one flight atation that if the domes and liners were not cleaned, a
significent loss in engine power aund efficlency (increa.sed. ta.il-pipe tempersture for
a gilven engine speed) was cobserved wlthin 6Q hours.

Results of an investigation reported in reference 7 show the effect of coke de-
posits on sltitude limits of a single tubular combustor. The altitude limits were
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determined before and after an 80-hour test run, during which the coke deposit pic-
tured in figure 118 was gccufnilated. The operational limits were reduced somewhatbt

as g result of the coke deposits, as shown in figure 119. In general, there seems
to be no reason to expect coke deposits to improve either the efficlency or the el-~
titude limits of well-deslgned combustors. Decreases in efficiency and altitude lim-
its would eppear more llkely, elthough adequate substantiating date are not
availsble.

Effect of Combustor Design and Opersating Conditlons on Coke Deposition

The coke deposits in a combustor are affected by combustor design and opersting
conditions or inlet varlsgbles. The amount of the coke deposlit 1s determined by the
operating time and by the rates of formation, burning, and erosion. These rates are
in turn affected to dlifferent degrees by design and by inlet variables, As previ-
ously mentioned, coke deposits may result from liquid-phese thermal cracking of the
fuel on the llner walls. The softer coke found in the dome is probebly high-bolling
fuel residuals mixed with a larger amount of smoke that was formed Iin the ges phsase,
Therefore, & combustor deslign thet permits a large amount of liquid fuel ‘o lmpinge
on the hot liner walls should sccumlate more coke, provided thet the temperature of
the liner walls is proper for thermel cracking of the liquid. Preventing the liquid
fuel from getting to the liner walle or using vapor-fuel injection should decresase
the coke deposits.

The direct effects of engline opersting conditions or combustor-inlet varisbles
on combustor deposits are somewhel cbscured by the Interdependence of these varie-~
bles, which include inlet-air pressure, temperature, velocity, and fuel-air ratios.
Investigators employing small-scale or full-scale single tubulsr conbustors have
tried to determine the singular effect of pressure, for exasmple, by holding mess &ir
flow, temperature, and fuel-eir ratio constent. In this case, the inlet-alr veloc-
1ty veries with pressure. Then to determine whether the pressure or veloclty is
effecting the quantlty of deposits, tests must be made wlth constent pressure, tem-
persture, end fuel-alr ratio and varying velocity. The change in mass ailr flow, to
vary velocity, requires a change in fuel flow to meintein constant fuel-air ratio
which in turn requires tests to determine the effect of total fuel flow on deposition.
Because of the large mmber of tesis required, most investigators have not determined
the singular effects of g1l the combustor-inlet varisbles. From the availeble dmta,
however, some indicetlons can be obtained &s to whether or not the effect of the in-
let varisbles on combustor deposlts is in agreement with the deposit formation mech-
anisms previocusly postuleted.

Combustor desig_g. - Beveral investigators have determined the effect of change
in "air wash™ along the liner walls on coke deposition. Date of reference 8 show a 58-
to 77-percent reduction in weight of coke deposits in a small-scale combustor when the
geps in the liner-wall louvers were increased from 0.030 to 0.050 inch. TInformation
presented in reference 9 (full-scale tubular cormbustor)} indlcated en apprecisble in-
crease in coke deposition when one-third of the liner louvers were closed. Unpub-
lished NACA dsta (full-scale single combustor) show a reductlon in coke deposits
from gbout 30 grams to 1 gram when the combustor was modified so that an annmulus of
alr wvas directed downstream surrounding the fuel spray. This ennulus of air was ob-
talned by modifying the upstream end of the combustor dome as follows: A 3-inch-

diesmeter hole was cut in the end of the dome, end a flet plate Z-Jz' inches in dlameter
wes installed at the back of the fuel nozzle so that the plate was centered in the
3~inch opening. The primery sir entering the %—iuch anmiius (l% in. from the fuel
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nozzle) prevented most of the liquid fuel from impinging on the liner walls. This
method also decreased the amount of liquid fuel recirculating intc the dome; smoke
formed in the ges phase could not adhere as readlly to the dome syrface.

Injection of vaporized fuel (considered as part of combustor design) has an ef-
fect on coke deposits, as shown by data presented in reference 10, Lese liper de-
poeit wes obtelned in a small-scale tubular fuel-vaporizing combustor than in a
similar design. of a fuel-stomizing combustor operated at comparsble conditions.
However, 1f the fuel is not completely vaporlized, the liner deposit may be increased
over the values obtained with the stomizing combustor. Also, deposits may form in
the vaporizing tubes and cause & decrease in fuel flow that will probebly result in
tube failure.

Inlet-alr pressure. - Increasing the pressure increases the smoke-forming tend-
ency of hydrocarbon flemes (ref. 1l); thus, combustor deposits should incresse with
Increase in inlet pressure. This is generally substantiated by information presented
in references 12 and 13 (small-scale tubular combustors; fuel-atomizing and
~prevaporizing, respectively) and reference 14 (full-scale single tubular combustcr).
For example, data in figure 120 show a continmued increase in total deposit welght
with increase in pressure. In this case, velocity, temperature, and fuel-air ratio
were relatlvely constant while fuel flow varled. Deposit welght per unit of fuel,
vwhich tends to minimize the verisble-fuel-flow effect, also lncreased with pressure,
but at a decreasing rate. This leveling off of combustor deposits at higher pres-
sures is similar to the pressure effect on the rate of smoke formation shown in ref-
erence 1ll. This masy be caused, in part, by an lincreased rate of erosion with in-
crease in air density.

Inlet~air temperature. -~ An Increase 1ln the combustor inlet-air temperature
should decrease combustor deposits because of the incressed evaporation rate of the
liquid fuel from the llner walls and the resultant decrease in fuel residence time.
Investigations reported in references 13 snd 15 (emall-scale tubular combustors;
fuel-vaporizing and -stomizing, respectively) and reference 16 (full-scale single
tubuler combustor) were conducted to determine the effect of inlet-air tempersture
on coke deposition. Results of these investigations are somewhat conflicting re-
garding the temperature effect on combustor deposits. For example, datas taken abt _
a constant alr velocity (ref. 13) show that the flasme-tube deposit of & high~deposit
fuel Incressed with increase in sir temperature up to 250° F, then decreased as tem-
perature wes further increased up to 400° F. 8imilar data (ref. 15) ere shown in
flgure lZl(a). The date were cobtalned in a small-scale tubular fuel-stomlzing com-
bustor at constent mass air flow. Incresse in the air temperature from 100° to 250°
F increased the amount of depositej however, further incresse in temperature to 325°
¥ caused a decresse In deposlits. Data for & full-scale single tubuler combustor
(ref. 16) for both constant mass asir flow and constant inlet-air velocity indicate
a decresse in deposits as inlet-air temperature wae incressed from 100° to 300° F.
As the alr temperature was Increased from 300° to 500° F, the deposlt quantity in-
cressed, Data obtalned in a small-scale tubular fuel-atomizing combustor (ref. 17)
at constant reference alr velocity show an Incresse in deposlts as alr temperature
was increased from 100° to 350° F. The inlet-sir pressure was varied from 20 to 50
pounds per square inch sbsolute. Varying inlet-air tempersture from 200° to 860° F
(ref. 18) caused s decrease in deposits at inlet pressures fram 60 to 173 pounds per
square inch sbsolute, as shown in figure 121(b). The date were obtained at constant
reference alr veloclty and fuel-alr ratio.

It 1e apparent that the processes that cause combustor deposits are affected
to different degrees by change in inlet-alr temperature. With some perticular
inlet-eir tempersture, combustor geometry, and fuel, one process may predominatej;
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with other combinstions another process may predominste. In some cases the increase
in temperature will increase the vaporizastion rate of the fuel, thereby decreasing
the fuel residence time on the walls; In other cases the thermal-cracking rate (with
inerease in Inlet-alr tempersture) may become greater, relative to the vaporization
rate, and therefore deposits will Increase. Of course, if the inlebt-alr temperature
is high enough, the liner temperature will be gbove the minirmm temperature at which
coke willl burn, and, therefore, combustor deposits wlll not build up on the liner
(fig. 121(b})).

Inlet-air velocity. ~ An increese in the inlet-air velocliy would be expected
to decrease combustor deposits because (1) the increased scrubbing action of the alr on
the liquid fuel decreases fuel resldence time on the walls, (2) less fuel impinges on
the liner walls, and {3) the erosion of deposits is greater. Conversely, the fuel re-
circulatlon increases with increase in air veloclty, ard the greater amount of lig-~
uld fuel in the dome may Incresse deposite. The reletive importance of these dif-
ferent processes 1s not known. Data of references 14 eud 19 (full-scale single
tubular atomizing combustors} show an increase in deposite as the veloelty wes in-
creased., Information presented in reference 17 for a small-scegle tubuler stomizing
combustor indicates e decreese 1n deposits as veloclty was increased. Data shown In
Pigure 122 indicate that, depending on the fuel-air ratio, there will be either an
increase, no change, or a decrease 1n combustor deposiits with lncreasing inlet ve-
locity, which is proportional to mass alr flow. Tt is apparent that the effect of
Inlet veloclty on combustor deposits is similer to the inlet-air-temperature effect.
Depending on the opereting conditione and combustor geometry, combustor deposits may
increase or decrease with increase in velocity.

Fuel-air rgtlio. - Increase in fuel-air ratio of fuel flow should Increase’ com-
bustor deposlits because of higher local fuel-air ratios and the Increased amount of
resldual wall fuel. The lncreased primary-zone tempersture resulting from the in-
creagsed fuel-alr ratlo should cause elther sn increase in deposits through increased
thermal cracking or a decrease in deposits because of increased burning and erosion
of the deposits. Investigetions reported in reference 13 (small-scale fuel-
vaporizing tubuler combustor) snd references 14 and 18 (full-scale single tubular
combustors) indicate a general increase in combustor deposits with increase in fuel-
alr ratio. Data presented in figure 123 show en increase in total combustor deposlts
with increase in fuel-ailr ratlo, with all other varisbles constant except, of course,
exhaust-gas temperature. However, deposit welght per unilt of fuel is constant with
increase in fuel-air ratioc. Data shown in figure 122 also indicate an lncresse in
combustor deposits wilith increase in fuel-slr ratio. .

Run time. -~ The amount of deposlt in a combustor depends on the length of the
run time. However, because of Ilncressed burnling and eroslion of deposits as the de-
yosit quantity increases, deposition rate remasining constant, the rate of deposit
bulld-up decreases, and finally at some value of run time a maximm quantity of de-

posits is obtained. This tendency is shown in Pigure 124.

Summary of effects of combustor deéigx and opersting varlsbles. - In summary,
it is noted that certein changes In combustor design and inlet varisbles affect com-
bustor deposits in the wey expected. For example, increesed “alr wash"™ slong the
liner walls or injectlon of veporized fuel ceused a decresse in smount of deposits.
Increases in Inlet-gir pressure and fuel-alr ratic both generally ceused increases
in coke deposits. Deposit welght increased with run time untll an equilibrium level
was reached; the rate of eroslon and burning becomes approximstely equal to the dep-
osition rate. Increases iIn inlet-sir temperature or velocity, or both, were expected
to decrease deposits. ‘However, results were conflicting; in some cases deposits in-
creased and In others decreesed as air temperature was Increased. If the alr tem-
perature was high enocugh {>850° F), little deposit wes formed. The inleb-alr-veloclty
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effect on deposits was simllar to the temperature effect; depending on the cperating
conditions and combustor design, the deposite elther lncreased or decreased with in-
crease in velocity.

Effect of Fuel Chearacteristics on Coke Deposition

A substantisgl quantity of data has been cbtalined by numerocus investigators de-
scribing the effects of various fuel propertles on combustor deposits. Since all
inlet variables or. operating conditlons can be maintained relatively constant, the
direct effect of fiel type on combustor deposits can be determined.

Volatility., ~ It is indicated earlier in this chapter that combustor deposits
are smeller with gasoline-~type fuels than with higher-boiling fuels. This result
is in agreement with the supposition that more easily vsporized fuels should produce
less combustor deposits because of the decremse in fuel residence time. Other data
that substantiate this theory are given in references 9 and 19 (full-scale single
tubuler combustors), reference 20 (emall-scale tubulser combustor), and reference 21
(full-séale annular combustor, 10%-1n. dlam.). For exsmple, informetion presented
in figure 125{(a) shows a considereble increase in combustor deposit with incresse in
the volumetrilic average bolling temperature (decrease in volatility) at constaent
hydrogen-carbon welght ratio. This result suggests that decreasing the liquid-fuel
residence time on the liner walls results in decreased combustor deposits.~ Hence,
it would seem that the use of vapor fuel would eliminate deposits. However, as in-
dicated in reference 22, some deposits were obtalned on the veapor-fuel nozzle and
in the'combustar dome when e vepor fuel (propane) was used. These deposits were
formed during incomplete combustion cof the fuel in the complete ebsence of e liquid
Pphase. ’ - Co : - - : -

Fuel composition. - The effect of hydrocarbon type or composition on the tend-
ency of diffusion flames to produce smoke 1g presented in chepter IX. The fuel
types in order of decreasing tendency to smoke are naphthalene and substituted
nephthelene compounds, #romatics, alkynes, olefins, and normel parsaffins. The aro-
matics are ebout 12 times as smoky a8 the olefins and sboul 24 times as smoky as
the normal pasraffins. Nephthelene, with 1ts high smoking tendency would be expected
to cause large smounts of combustor deposit. Data of reference 2L (full—scale annu-

lar combustor, 10§~in. diam.) show that 139 grams of coke was obtained with a mixture

of a- and PB-monomethylnaphthalene, 88 grams with triisopropylbenzene, 34

grams with benzene, and 2 grams with & normal paraffin fuel. Other investigators

have shown that aromatic-type fuels generelly cause a large_ amount of coke deposit.
Some of thie dats is reported in references 9, 23, and 24 (full-scale single

tubular combustors) and references 12, 20, and 25 (small-scale tubuler combustors). An
exemple of these data ie shown in figure 125(b), where the combustor deposits increase
with increase in aromatic content for constant values of volumetrlic average evaporated
temperature. Some lunvestigators have surmised that the highest-bolling fractiom of
the sromatic portion may be causing much of the combustor deposits. Information
presented in reference 12 (small-scele tubular combustor) shows that combustor de-
posits increase. as the percentage of aromatics boiling gbove 420° F increases. How-
ever, the quantity of coke deposits was not necessarlily the same for different types
of fuels that had the same percentage of arcomstics bopiling sbove 420°C F.

Information concerning the effects of normsl paraffiune, isoparaffins, and cyclo-
paraffine on combustor deposite indicates that these different fuel types have about
the same coke-forming tendencles and that the amount deposited is appreciably less

3179l
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then that obtained from srometic-type fuels. As shown In chapter IX, except for

the normal paraffins, olefinlc~type hydrocarbons have the lowest values of smoking
tendency. In splte of these low values, larger deposits could possibly form because
of the polymerizing charecteristics of olefins. However, data from Investigations
reported in references 9, 23, snd 26 (full-scsle single tubuler combustors) and ref-
erence 18 (full-scale anmular combustor, 1og—in. diam.) show that the gquantibty of
deposits obtained with olefinic fuels 1s similar to that cbtelned from peraffin
fuels of the same boiling range. One Investigator (ref. 27) reported heavy deposits
in a full-scale single tubular combustor from a fuel containing & conslidergble amount
of diolefins. Unreported investigations conducted in a full-scale single tubular
combustor with a fuel blend consisting of 50 percent JP-3 fuel and 50 percent di-
pentene showed an increase of about 25 percent in combustor deposits over those ob-
tained with JP-3 fuel alone. For the same operating conditlions, an aromatic fuel
blend with an average boiling point of sbout 380° F caused an increasse in deposits
of gbout 230 percent over those for JP-3 fuel.

Nonhydrocarbon fuel components. - Sulfur compounds and gum are minor nonhydro-
carbon components present in petroleum-derived aviatlon fuels thaet can have an ef-
fect on combustor depositse. Investigations conducted to determine the effects of
sulfur on conbustor deposits indicate that the quantity of sulfur in the fuel can
be increased a considereble amount sbove the present specification MIL-F~-5624C max-
imm of 0.4 percent hefore an apprecisble increase In deposlits is obtained. Results
of some of these (full-scale single tubulsr combustor) investigations are shown in
the following teble:

Fuel Additive for|Sulfur in fuel,| Weighl of|Refer-
increasing percent by deposit, |ence
sulfur welght g
content
Straight- Rone © 0.05 4.1 g
run 5 3.1 l
kerosene 1.0 5.0
3.0 7.2
AN-F-58 None 0.034 3.1 28
Thiophene .39 2.3
Thiophene .91 l.2
Disulfide 1.00 3.6
oil
MIL-F-5624A, None 0.04 7.0 26
grade JP-3 | Disulfide .55 8.8
oil
Disulfide 1.03 8.4
oil
None .04 5.6
Mixed butyl 1.05 8.5
mercgptans

It 1s noted that the sulfur content of a fuel can be lncreased to 1 percent or more
before a significent increase in combustor deposits 1s obtalned. Thiophene added
to & fuel in smounts of 1 and 3 percent (0.39 snd 0.91 percent sulfur} ectuelly
caused a decreassé in deposlis.
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The maJjorlty of investigatlions that have been conducted to determine the effect
of gum, either existent or potential, on combustor deposits show, in genersl, that

the specification MIL-F-5624C maximum limits of 7 and 14 milligrams per 100 milli- -
liters of fuel may be increased several times before an apprecisble effect
on combustor deposits 1s cobtalned. The following data were cobtained from some of "
these investigations: -
Fuel Combustor Gum, Welght of | Reference
mg/100 ml deposit,
Existent| Potential & g
MIL-F-56244A, |Full-scale T 12 12.6 26
grade JP-3 |single 77 445 14.7 ‘
tubular 165 560 15.4
MIL-F-56244, |Full-scale 9. 12 2.1 26
grede JP-3 |!slngle 95 103 2.8
tubular fuel-
vaporizing
AN-F-58 Full-scale 6.5 3.5 4.3 28
single 4.3 4.2 3.3
tubular 21.1 25.3 4.1 :
34.1 55.8 4.8 -

The existent and potential gum contents were determined by the A.8.7.M. Standards

D381-46 eand D525-46, respectively. It can be seen that s large increase in gum

content is possible before any significant increase in combustor deposiis 1s ob-

tained. In the date from reference 26, the gum content.of the fuels was increased -
without any saspprecisble change in other fuel characteristics. Informetion cobtained
from reference 29 showing the effect of existent gum content of fuels on deposits
in small-scale tubuler combustors (fuel-atomizing end fuel-vaporizing) is presented
in the following table:’ ' oo T

Fuel Existent Deposit welght,
gum, mg/hr
100 ml
mg/ Atomizing- Vaporizing combustor
ombust
e oo |Flame |outside | Inside
fleme tube
or liner |tube or|veparizer ; vaporizer
liner !tube tube
A174 (base) 6.1 260 9.0 1.5 15.2
A76 58.5 ——— 8l.2 7.5 377.5
Ag4 (base) 5.2 216 16.8 7.0 13.5 ~
AS8 59.2 185 49.0 16.5 425.0

The data indicate that an exlstent gum content of about 8 or 9 times the maximm
specification limit may cause large increases in the deposits in the vaporizing- .
combustor flame tube or liner and inside the vaporizer tube. Iunformatioun presented in

reference 30 shows that the vaporizing tubes plugged after about 1-12—' hours of operation

with a low-aromatic fuel with a gum content of 100 milligrams per 100 milliliters of

fuel. This plugging caused rough burning and unsatisfactory operation of the com-

bustor. Continued combustion with a plugged vaporizer tube would probsbly result in a
a complete tube feilure. R ’ o
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Elimingtion of Coke Deposits

The effects on combustor deposits of changes in combustor design and fuel in-
Jection, variation in _conmbustor Inlet-eir varisbles, and chenges in fuel quality
can be qualitetively estlimated from deposit formetion mechanlems previocusly pre-
sented. From these conslderations, methods for decreasing or eliminating combustor
depoeits can be proposed.

Combustor desi_g&. - Any deslign changes in the combustor that decresse or prevent
liguid-fuel impingement on the liner walls decresse combustor deposits. Among the
deslgn changes by which deposit reduction may be effected are provisioms for (1) fuel
prevaporization, EZ) increesed "air wash®™ to the liner walls, (3} change of fuel-
spray angle, and (4} liner temperetures either low encugh to prevent thermsl decom-
position of the fuel or high enough to burn off the deposits. With fuel prevapori-
zation, additionel probleme are encountered, such as plugging of vaporizlng tubes,
and these problems may overshadow the advantages of decreessed combustor deposits.
Increased "eir wash" and chenged fuel-spray angle may have adverse effects on combus-
tion efficlency, stsbility, or altitude blow-out. It may be impracticeble
to keep liner temperatures below the fuel~decomposition tempersture, and very high
liner temperatures shorten liner 1ife (ref. 18). It is apperent that the finsl com~
bustor design must be a compromise Involving severasl factors, esnd combustor coke
deposition 1s only one of these factors.

Fuel-quallty control. - Combustor deposits can be greatly affected by choice of
fuel. As previously shown, deposits generally increase as the state of the fuel 1s
varied from vepor to liquid and es the type of the fuel is varied from hligh to low
volatility or from peraeffin to arometlic. From the standpoint of reducing combustor
deposits, the vapor fuel would be best. As previously mentloned, the speclel equip-~
ment needed to cbtain veporlzed fuel may be sensitive to coke deposits. However,
contimied resesrch may overcome thils problem. High-volatility fuels cannot be used
in alrcreft because tank losses due to fuel boiling and slugging become excesslve
(ref. 3L). For liquid-fuel-stomlzing combustors » the paraffin-type fuels ceuse less
deposilts than aromatic .fuels. However, the avallsbllity of pareffin or nonesromstic
fuels is limited. It can be seen that the f£inal fuel will be a compromise depending
on the amount of importance thet 1s assigned to the varlous considerations.

Fuel additives. ~ Another means of reducing combustor deposits is by use of
fuel additives. Additives effective in reducing or eliminating coke from commercial
furneces end Dlesel engines may also be effective in turbojet combustors. Date of
reference 32 (full-scele single tubuler combustor) show a decrease in deposits when
small emounts of tetraethyl lead were added to the fuel. Deposits decreased about
45 percent with a lead concentretion of about 0.002 percent. Further increases in
lead concentretion eventuslly cause sn incresse In deposits because of increased
amounte of lead oxides. With the need of JP fuels and military aviation gasoline
in e netional emergency estimated as ebout 1,000,000 and 300,000 barrels per day,
respectively, the metallic lead needed per damy for JP fuels (0.002 percent by weight)

would be about 23 tons end lead required for avietion gesoline (4.6 ml TEL/gal) would

'be 55 tons per day. Other additives that reduced deposits were leed naphthenste,

Becondary smylnitrate, and commercial fuel-oil sdditives (refs. 16, 32, snd 33; full-
scale single tubular combustors). In small-scele combustors (refs. 34 to 36), the
decreases In deposits were negligible with additives such as lead naphthenate, U.0.P.
Inhibiter No. 5, emylnltrates, ditertiary butyl peroxide, and s commercial additive.
Aviation tetraethyl lead in = concentration of 4 cubiec centlimeters per gallon (0.12
percent lead by weight) caused & conslderasble increase In deposits because of the
lead deposits added to the coke. Reference 37 presents data for a lerge mumber of
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additives tested in small-scale atomizing and vaporizing combustors. The additlves
consisted of halogen compounds, antloxldants, organometallics, silicatese, carbonyls
high-molecular~weight orgenics, and water. Tetraethyl lead (0.01 percent by volumes
and iron pentacarbonyl (0.l percent by volume) were the only additives that caused
any apprecisble decrease In combustor liner deposits, and water was the only addi-
tive that ceused a decrease of fuel-vaporizer-tube internal deposits.

The resulte of various lnvestigations to decrease combustor deposits by special
fuel additives are not conclusive enough at the present time to determine whether
the advantages are sufficient to offset such problems as storage stability, delete-~
rious effects on engine fuel systems and hot engine perts, and perhaps availability.
The over-all benefits must be determined by further research.

SMOKE FORMATION IN TURBOJET ENGINES

As previously indlicated, smoke formation in turbojet combustion is less import-
ant than is coke deposition. There 18 no messursble loss In performasnce due to
smoke, and, in fact, operating conditions conducive to smoke formstion are the same
conditions that yleld generally high combustion efficiencies. For +this reason, less
work has been done in the field of smoke resesrch in full-scale engines and in single
combustors than has been done in the study of coking. The reverse has been true in
bench-scele experimentation (ch. IX).

Bench-scale studies reported in chepter IX have shown that smoke can be formed
only in & fuel-rich environment. The primsry zone in turbolet combustors certainly
contalns local areas that are fuel-rich under most operating conditions, and it is
likely that smcke is often generated In consldergble quantities. The fact that
smoke is not found in much higher concentrstions in the turbu]et exheust Indlcates
that much of this material is consumed Iin passing through the burner. This theory
is coufirmed by electron microscopy studlies of. turbojet smoke (ch. IX).

Smoke formation has been determined qualitatively in full-scale engines and
single combustors by visual observation. B6moke hes been determined quantitatively
by either filtration and opticasl mesasurements or by collection and welghing. In
the filtration method, the exheust is passed through a filter at a given rate for
e given time, and the darkening of the filter is then determined by either visual
raeting or by optical methods. This method was used in references 13, 14, 20, and
38, In references 27, 33, and 40, the smoke was trapped by bubbling the exhaust
gases through water, and the smoke was weighed after filtration and drying. There
has been no attempt to report absolute smoke values by either method; the data only
indicate the effect obtained when a small and unreported fraction of the exhaust
gas 1s sampled. Comparison between leboretories on an absclute basis is obviously
impossible, and the results reported hereln are given only as trends.

Effect of Operating Varisebles on Bmoke Formetion

A systematic study of the effect of inlet varisables on smoke production was
made in a full-scale tubular combustor using the filber-darkening technique (ref.
38). With a typical JP-3 fuel, the exhaust emoke Increased from two- to tenfold as
the inlet pressure increased from 35 to 65 inches of mercury sbsclute. The con-
trolled varisbles were fuel type, inlet temperature, fuel-air ratic and inlet-sir
velocity. This effect of a marked increase in smoke with lncreasirp sressure is
also reported in reference 14 for pressures up to 350 inches of wei- :.ry wbsolute _
end in reference 13 for pressures up to 150 inches of mercury ebscli ..., This ef-
fect of pressure ls also fully confirmed in the bench-scale work roj-:-ied ln ref-
erence 11 and by the fact that, in flight, turbojet-powered alrecrair .zave the
heaviest smoke trails at low altitudes. .

-
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With the other varigbles constant, 1t was also shown in the work of reference
38 that smoke production lncreased from two- to four fold as the fuel-alr ratio in-
creased from 0.008 to 0.016. Above a fuel-ailr ratio of 0.016, there was a slight
decrease in smoke up to & fuel-air ratlo of 0.022. In the tests of reference 13,
fuel-air retios were varied up to 0.015 and 1n the tests of reference 20 up to
0.020. In both cases, the smoke production increased with lncreasing fuel-air ratio
up to the highest ratios tested. These values are over-all fuel-air rstios, and the
smoke was obvicusly formed in much richer mixtures. Bench-scale dsbta plotted in
figure IX-4 show that smoke continuelly increases wlth Increasing fuel-alr ratio.
In general, there is agreement that smoke lncreases with increasing fuel-air ratio.
The slight decrease at higher ratios reported in reference 38 is accounted for by
the probability that increasing fleme length at high fuel-alr ratlios consumed a
large fraction of the smoke that was initially formed.

Both references 13 and 38 show that smoke formation is substantially independent
of inlet-slr tempersture over the range between 100° and 400° F. This result is in
full agreement wiith the bench-scale work reported in reference 41.

It is difficult to fully isolate the effect of inlet-alr veloclity as a verisble
in reference 38 since other alr parsmeters vary simltaneously. However, it appears
that smoke increases slightly with Incressing velocity et low fuel-air retios and
decreases slightly with increasing velocity at high fuel-alr ratios. Reference 13
shows & considergble decrease in smoke with increasing velocity at low fuel-zir
ratios, but the date are few and scattered. The effect of Inlet-air velocity on
smoke would be expected to be & function of combustor geometry, but little agreement
is likely between investigators regerding this relation.

Smoke tests have been made on & full-scale engine running at near-sea-~level
conditions with a JP-3 fuel (ref. 38). Engine speed and exhaust-nozzle area were
the controlled varisbles and fuel-sir ratlo and inlet-air pressure, temperature, and
velocity were the dependent .varigbles. Because the various inlet parameters cannot
be icdependently verled in full-scele-engline testing, the independent effect of the
parsmeters on smoke cannot be determined. In the tests of reference 38, smoke In-
creased 3 to 4 {imes as engine speed Iincreased from 5300 to 800C rpm. Smoke in-
creased to a lesser extent as nrozzle area was decreased by 33 percent. The changes
in engine operating conditions that Increased smoke also increased fuel-alr ratio,
pressure, end temperature. It seems probable that lncreases in fuel-ailr ratio and
pressure were the maln fectors contributing to increased smoke, a theory confirmed
by the observations from both bench-scale and slingle-combustor studies.

Effect of Fuel Quailty on Smoke Formetion

A small amount of work has been done in several lsboratories releting smoke
formetion to fuel quelity. Four fuels of low aromatic content but of varying vola-
t1lity were tested 1n a full-scale single combustor (ref. 38). As fuel volatility
Increased, the maximm values of smoke density did not change sppreclably, but the
fuel-alr ratio at which meximim smoke was produced shifted to lower ratlios. Data
presented in references 19 and 20 and chapter IX indicate that smoke formetion 1s
less dependent on fuel volatlility then on other fuel factors. Chapter IX shows
that smoking tendency does not vary greatly with moleculasr welght in the range of
moleculer weights covered by the usual petroleum~derived fuels. However, the effect
of hydrocarbon type on smoke production 1s quite pronounced, the aromatic fuels
yielding considerebly more smoke then the nonaromstlc ones. References 19, 20, and
40 show this effect in combustor studies, and chapter IX shows 1t for bench-scale
flames.
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Liner coke is quite dependent on both the hydrocarbon type and the volatility
characteristics of fuels, the latter presumebly being important since it relates to
the residence time of liquid fuels on combustor walls. Bmoke, on the other hand,
is lergely dependent on hydrocerbon type but is little affected by fuel volatility.
Therefore, a poor correlation might be expected between the coking and smoking tend-
encles of fuels, and this poor correlation 1s, in fact; noted in references 20, 27,
and 40.

EVAIUATION OF FUEL DEPOSIT-FORMING CHARACTERISTICS

Since the influence of fuel quality on ccke deposltion 18 a matter of consider-
able importance affecting the performance and reliabllity of turbolet engines, 1t
would be desirsble to have laboratory tests that could be used to evaluate and con-
trol the gquality of such fuels. In general, the most accuraste deposit-forming
evaluation of fuels 1s made by operating complete engines under service conditions.
This approach is prohibitively expensive, and easler methods have been sought.

A feirly close spproach to the prototype testing of turbojet fuels has been
made by teking single combustors from full-scele engines and using these in
connected-duct fecilities. A considersble amount of deposit-formation work has
been done in such test units. In order to determine whether results of teste with
single full-scale combustors can be related to full-scale-engine coke deposition,
geveral full-scale-engline tests were conducted. The full-scale engines were oper-
ated on test stands (refs. 2 and 4). Resulits of some flight test data are also
availeble and can be used for comparison (appendix B of ref. 1 and refas. 3 and 6).
The results show, in genersal, a good relation between deposits in full-scale slngle
combustors and full-scele engines. However, even full-scale slingle-~combustor test-
ing is too costly in terme of facilitles, pdwer, fuels, and time to permit ite use
for the control of fuel guality by mamufacturers.

Therefore, considersble effort has gone into the development of elther a simple
bench-scale test which will correlate with the performance of fuels in engines orxr
the correlation of other easily determineble fuel properties with full-scale-engine
performance. Since little gquantitative full-scale engine data are available con the
coke-forming tendencies of turbojet fuels, much of this effort hes been toward cor-
relating bench-egcale results with the results from single-combustor testing. There
has been no complete agreement concerning the best correlating test. The following
discussion describes the progress that has been made to date.

Correlation of Fuel Properties With Coke Deposit Formatlion

Certain fuel characteristics and related propertlies are consldered to affect
coke deposits. These include hydrogen-cerbon ratic, esromatic content, A.S.T.M.
distillatlion temperatures, gravity, and aniline point. ' These properties have been
used singly and in comblnetions to help Indicate the coke-forming tendency of &
fuel. One drawback to the use of fuel properties to relate combustor deposits to

the fuel is thet these properties do not give any Indication of the effect of special

fuel additives on deposits.

Hydrogen-carbon retic and voletility. - Early Iinvestigators attempted to relate
the carbon end hydrogen contents of a fuel and some measure of its volatility to
combustor deposits. Deposits from several fuels obtained in a small-scale combustor
(ref. 20) were empirically related to the fuel as follows:
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log (me/mg+C1)

Weight of deposits = T, T + G4 (1)
where
CL . - « Cqy constants
na/ng ratio of carbon atoms to hydrogen stoms
P ) A.8.T.M. 10-percent distillation temperaturé, op

The fuels varied from low-boiling or high-volatility cycloparaffins to low-
volatility aromatics, and alsc included high- and low-volatility fuel blends. In
genersal, the combustor deposits increased with an incresse in the value of egquation
(1), although a considereble scatter was obtalned.

The logerithm of the combustor-deposit values obtained from 19 fuels (ref. 21;
full-scale snmular combustor, 102—111. diam.) were empirically related to the fuels
by a factor designated as the NACA K factor and shown as

Log of combustor deposits = a + b K (2)

= (t + 600} (0.7) BfE =207 (3)

where

a,b constants

t fuel volumetric average evaporated temperature, °F
H/C hydrogen-carbon weight ratio

The fuels consisted of high- and low-~-voletility paraffins, olefins, aromatics, and
fuel blends. Examples of the reletion of the NACA K fector to deposits of verious
fuels obtained in & small-scele tubular combustor, a full~scale single tubular com-
bustor, and a full-scale tubular combustor engine are shown in figure 126. The
deposlits from most of the fuels can be estimeted by this relation, although some
fuel deposits show wide veriations.

Aromstic content and volatlility. -~ Both the total aromastic content of a fuel
and the aromatics boiling above 400 or 420° F have been used in sttempts to relate
combustor deposits to fuel properties. Some of this type of data is presented in
references 12 (small-scele combustor) snd 23 (full-scale single combustor). The
full-scale~combustor data show a regular increase In deposits with Increase in total
aromgtic conbtent. Although the small-scale-~combustor dets indicete an increasse in
deposits with aromatics and aromatics boiling above 420° F, the increase does not
show any reguler trend, and different fuels with the seme aroma.tic content gave dif-
ferent deposit values.

Other Iinvestigators have used sromatic content of a fuel and some measure of
volatility es & means of relating combustor deposits to the fuels. For example, a&s
shown in reference 23 (fun-scale single tubylar combus‘bor) s the logarithms of the
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combustor-deposit values of several fuels are plotted agalinst the percentsge of aro-
matics by weight plus one-tenth of elther the 80- or 90-percent A.8.T.M. distilla-
tion tempersture. The corbustor deposits of some fuels can be estimated with reason-~
eble accuracy by this relatlon; however, wide variations are obtained with other
fuels. : : ’ -

Volatility, densliy, and aniline-graviiy constant. - Fuel properties such as
specific gravity or density, voletiliiy, and aniline point are easily determined and
therefore are desirable for use in a bench or control test to determine the combus-
tor deposit=forming tendency of fuels. Data of reference 19 (full-scale single
tubular combustor) show how combustor deposits of severel fuels vary with molal
aversge boiling point of the fuel and Universal Oil Products (IJ.0.P.) characteriza-

tion factor.
(T’b ) l/ 3

U.0.P. factor = _ (4)
Sp.ar. 60%/60° F

Where

T, mean average boiling point, °R

There 1s a general trend of lncreased combustor deposits with decrease in U.0.P.
factor, although some fuels vary from this trend. Information presented in refer-
ence 40 for s full-scale single tubuler combustor alsc shows & similar relation of
combustor deposits to the U.0.P. characterization factor.

The U.O0.P. characterizetion factor, the hydrogen-carbon ratio, and, to some
extent, gravity are all related toc the sromaticity of a fuel. Therefore, different
comblnetions of these various fuel pr.operties should give gbout the same trend of
deposiis with fuel.

The aniline-grevity constent (product of the sniline point in °F and the A.P.I.
gravity) is snother fuel property that has been used to rete fuels for their coke-
forming tendencles (ref. 1, full-scale single tubular combustors). With this fuel
property there was wide varistion in the data.

The A.P.I. gravity has beer used to estimate the coking tendency of fuels.
Data presented in reference 1 (full-scele single tubular combustors) show examples
of a generasl decresse in deposits with incremse in A.P.I. gravity (decremse in sp.
gr.) and other examples where this trend is not so evident. Date of reference 42
show a regular decrease in deposits with increase in A.P.I. gravity.

Leboratory Measurement of-Fuel Coke-Forming Characteristics

There does not sppear tc be a chemical or physicel or combination chemical-
physical property of & fuel thet will consistently glve an accurate estimation of
the coke-forming tendency of a fuel. Therefore, investigabions were conducted to
determine whether some type of leboratory combustion test would give a satisfactory
coke~forming rating among fuels.

The investigations included smoke-lamp, flasme-plate, and small-~pot-burner
methods, Although smell-scale combustors could be clsessed as laboratory equipment,
for the data presented herein, they are discussed elong with the full-scale
combustors.
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Smoke~lamp method. - One’ pimple bench test thet has been used by several in-
vestigators is the fuel smoke-point determination by some type of smoke lemp. A
simple wick lemp is used to determine the maximum height of e smoke-free flame of
a particular fuel. The different types of lamp and test procedure are described in

chapter IX. The smoke point is defined as the maximum helght of a smoke-free flame

in millimeters h; smoking tendency of a fuel 1s defined as % Information
presented in references 1. (full-scale single tubular combustors) and 12 (small-scale
tubular combustor) shows a trend of increasing deposits with decrease in the smoke
point; however, there 1s conslidersble variation in the data. The average deviation of
some of the deposit data of reference 1 from a curve faired through the data is sgbout
16 percent. ' The deta from reference 12 indicate an average deviation of shbout 60 per-
cent. An example of some of these data is given in figure 127, which is & plot of
smoking tendency (320/1:1) and combustor deposits of 16 fuels tested in a full-scale
single tubulaer combustor. This figure indicates some relation between smoke point
and combustor deposits, aslthough some of the date show wide variations. The smoke-
point test 1s not affected by smell amounts of specisl fuel additives (ch Xy » but
combustor deposits may be decreased by addition of small amounts of these same
additives.

In an attempt to eliminste variations in the data, investigators have included
the bolling polint of a certain frectlon of the fuel or a certein funcition of the
boiling point. Data in reference 43 show the relation of combustor deposits ob-

teined with 18 fuels in a full-scale annuler conbustor (10%-111. diam.) to a function

of bolling temperature and smoke point. A somevwhat different relation is presented
in reference 44 (small-scale tubular combustor) relating combustor deposits to a
function of smoke point and bolling point. Coke deposits ere related to

100 (Volume percent boil-
0.1 (90-Percent distil- 1ng gbove 400° F)
lation temperature, °F) = Smoke point of fuel boll-
ing above 400° F, mm

- smoke point, mm (5)

The average deviation of date from a falred curve was dbout 21 percent for the an-
mular combustor (ref. 43) and ebout 14 percent for the small-scale combustor (ref.
44).

The following relestion for Smoke Volatility Index (SVI) (ref. 15) has been used
with some success to determine which fuels wlll produce ebove average amounts of
combustor deposits in full-scale engines: -

volume percent of fuel boiling under 400° F
A.S.T.M. distillation tempersture
CR (6)

8VI = smoke point +

This relation is used Iin current military procurement fuel specification MIL-F-5624C,
grades JP-3 and JP-4, to limit the carbon-forming tendency of these fuels. The spec-
ification requires that fuels have SVI velues greater than 54. Figure 3(a) of ref-
erence 46 shows the SVI values of 21 fuels plotted agelnst deposits obitalned in a
full-scale single combustor. The average deviation from & falred curve is gbout 27
percent. Data showing the relation of the SVI and liner deposits cobtained in a
full-scele single fuel-veporlzing combustor are given in reference 30. These date
indicate & much larger average deviation.

Flame-plate method. - Another bench test that has been used to determine the
coke~-forming tendency of a fuel is known as the flame-plate test. Fuel is delivered
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dropwise to the surface of a tared stalnless steel plate maintained at a constant
elevated temperature. The vaporized fuel is lgnited by a buneen burner pllot, ang,
efter a specified amount of fuel is burned, the plate 1s_reweighed to determine the
emount of deposits. The epparatus and procedure are more fully described in refer-
ences 12, 47, and 48. Results presented in reference 48 show good sgreement between
the deposits obtalned from the flame-plate test and deposits obtained from the same
fuels tested in & full-scale sgingle tubular combustor. The effect of such fuel
properties as gravity, percent aromstlcs, and percent aromatics boiling above 420°

F on flame-plate-deposit quentity is shown in reference 12. In reference 35, in-
formetion is presented showing the effect of speciasl fuel additives on flame-plate
deposits. Use of tetraethyl.lead, U.0.P. Inhibitor No. 5, and amylnitrate resulted
in decressed flame-plefe deposite of 50 tc 90 percent. Small amounts of tetraethyl
lead end secondary emylnitrate alsc reduced deposits in full-scale single combustors.
However, the effect. of amylnitrate and U.0.P. Inhibitfor No. 5 on deposits in a small-
scale combustor appesred negligible, One drawback to this bench test 1s the consid-

erable amount of time required to complete the test (6% hr).

Pot-burner method. - Another bench test apparatus that has been used to a lim-
ited extent is the "pot burner” (ref. 49). Fuel is fed to & emall combustion chamber
at a known rate and burns as 1t enters the chamber. The weight of deposit is deter-
mined by weighing the residue screped from the combustion chamber after o predeter-
mined run time.

Summary of laboratory tests. -~ In sumnary, séeveral laboratory and bench tests
have been used for determining the deposit-forming tendency of fuels. The teste
included methods upsing the smoke polnt, the smoke polnt in comblnation with a par-
ticular boiling point, a fleme plate, snd a "pot burner." None of the methods listed
consistently predicts the combustor-deposit-forming characteristics of various fuels.
However, a method that can be used as a first approximation is the smoke-point method
wlth some function of the distillation temperature., This type of test also has the
advantage of requiring simple appsratus and only & little time for the determinetion.
The Smoke Volatility Index defined by equation {6) appears to give as consistent re-
sults as do any of the methods.

SIGNIFICANCE OF COKE DEPOSITION AND SMOKE-FORMING RESEARCH IN APPLICATION
TO JET-ENGINE FUEL SFECIFICATION AND COMBUSTOR DESIGN

The information.presented in chapters IX and XIIT indicetes that coke in a Jet-
engine combustor liner may be formed from liquid-fuel cracking on the hot liner
walls. The soffter coke in the dome appears to be a comblnation of high-bolling fuel
frections and partly polymerized products mixed with a lerge amount of smoke.- - —

A high-volatility paraffin-type fuel will cause the least deposits. Decrease
in fuel volatility causes an increase in conmbustor deposits but has no significant
effect on exhsust smoke. Increase in aromatic content of a fuel causes large in-
creases in combustor deposits and also exhsust smoke. Minor fuel components, such
es sulfur and gum, have no effect on combustor deposits until their concentrations
are considersbly ebove the maximum permitted by present fuel specifications.

Combustlion-chamber inlet-air varisbles of pressure and fuel-air ratic cause
increases in combustor deposits and exhaust smoke; however, the effects of combustor
inlet-air temperature and velocity on deposite are not cqnelusive. Future turbojet
engines will have higher inlet-gir pressures and mase alr flows; these are both con-
ducive to combustor-deposit formetions. The higher mass air flows which require

n
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more fuel cause an increase in combustor deposits. Because of these considerations,
it may be more practical to use special fuel additives to hold the deposits down to
e tolerghle level. In some investigetions very smell amounts of tetraethyl lead and
lead naphthanate (0.002 percent 1ea.d) cau.sed. e significant d.ecrea.se in combustor
deposits. :

Any combustion-chamber and fuel-injector design that prevents liguid fuel from
impinging on the combustor wells or decresses the residence time of 1liquid fuel on
the hot combustor liner walls will decrease combustor deposits. For example, in-
creasing "air wash" to liner walls should decrease fuel residence time, and, therefore,
combustor deposits. Combustion with a properly designed vapor-fuel-injection system
should be relatively free of liner deposits.

As previously indiceted, & high~volatility paraffin-type fuel will give the
least combustor deposits. However, considerations of availsbility require the
finel fuel to be & blend of the various types. In an attempt to determline whether
the deposit-forming tendency of varlous fuel blends can be relsted to fuel. proper-
ties, investigations were made of properties such as sromstic content, aromstics and
volatility, hydrogeu-carbon ratio and volatility, density, and anilinergravity con-
stant. Of these preperties, a function of hydrogen-cerbon ratio and the 50-percent-
evaporated temperature seemed to give the best rela:bion of fuel properties to combus-
tor deposits. T

Leboratory and bench test methods for determining the coke-forming charscter-
istics of fuels include the smoke-point method with some measure of volatility, the
fleme-plate method, and the "pot-burner"” method. The Smoke Volatility Index

volume percent bolling undexr 400° F A.S.T.M. distillation temperature
(smoke point + - R
seemed to be the best method hecause of the accurecy of the results, the simple
equipment needed, and the short time required for the determination.

Lewis Flight Propulsion Ieborsastory
Netional Advisory Committee for Aeronasutics
Cleveland, Ohio, December 7, 1855
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() On liner after 25-hour mm with JP=4 fuel.

Flgure 116. - Coke deposits in full-scale-engine combustors.
]
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(c) On doms and primary-air entry ports after 30-hour run

with JP-3 fuel.

() Orn liner near warped and cracked ares after 25-hour mm
with JP-3 fuel (ref. 4).

Figure 116. - Continued.

Coke deposits in full-scele-engine combustors.
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Figure

1 227

C-23313

(e) On liner, fuel nozzle, primary-gir entry ports, and
spark plug after l2-howr rm with aromatic fuel (ref. 51).

116. - Comecluded.

Coke depogits in full-scale-engine combusbors.
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Figure 118. ~ Coke deposlts obteined in single tubuler combustor
during 80<hour test run. Fuel, high-aromatic MII~F-56244,
grade JP-3; engine conditioms: altitude, 20,000 feet; 9O~percent
normal reted engine speed; flight Mach mmber, zero (ref. 7).
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(a) Small-scale combustor. Inlet pressure, 48 inches of
mercury absolute; total mass alr flow, 435 pounds per
hour; fuel-alr ratio, 0.0133; JP-1 fuel; run time, 2
hours (ref. 15).

Figure 121. - Effect of inlet-alr temperature on coke deposition
in tubulaer couwbustors.
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(a) In small-scale tubular cotbustor. Combustor-inlet alr pressure, 48 inches of mercury
gbsolute; inlet-alr temperature, 240° F; total mess alr flow, 435 pounds per hour; fuel-
air ratio, 0.0L33; run time, 2 hours (ref. 44).

Figure 1268. - Effect of NACA K factor on coke deposition of several fuels.
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(b) In full-scale single tubular combustor.
Combustor-inlet air total pressure, 53.9 inches
of mercury absolute; inlet-slr temperature, 271°
F; fuel flow, 127.0 pounds per hour; fuel-air
ratio, 0.0123; run time, 4 hours (ref. 1).

Figure 126. - Continued. Effect of NACA K factor
on coke deposition of several fuels.
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(c) In full-scale single combustor and in full-scale
engine. Single combustor-inlet total pressure, 53.9
inches of mercury absolute; inlet-alr temperature,
271° F; fuel flow, 127.0 pounds per hour; fuel-air
ratio, 0.0123. Full-scale engine cyclic running
schedule, 15 minutes at take-off speed and 5 wminutes
a’)c idle speed; total run time, about 50 houre (ref.
2).

Figure 126. - Concluded. ZEffect of NACA K factor on
coke deposition of several fuels.
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Figure 127. - Effect of smoking tendency on coke deposition of
severel fuels in full-scele single tubuler combustor.
Combustor-inlet total pressure, 53.9 inches mercury sbsclute;
inlet-ailr temperature, 271° F; fuel flow, 127.0 pounds per
hour; fuel-air ratio, 0.0123; run time, 4 hours (ref. 1).
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CHAPTER XIV
RAM-JET PERFORMANCE

By A. J. Cervenka and R. Friedman

INTRODUCTION

The rem jet 1s basically one of the most simple types of alrcraft engine. It
consigts only of en inlet diffuser, a combustlon system, and an exit nozzle. A
typical ram-jet configuration is shown In figure 128. The engine operates on the
Breyton cycle, and ideal cycle efficlency depends only on the ratio of engine to
emblent pressure. The increased engine pressures sre obtalned by ram action alone,
end for thils reason the rem jet has zero thrust at zero speed. Therefore, ram-jet-
powered aircraft must be boosted to £light speeds close to a Mach number of 1.0
before appreclsble thrust is genersted by the engine.

Bince pressure increases are obtalned by ram action alone, combustor-inlet
pressures and temperatures are controlled by the flight speed, the ambient atmos-
pheric condltion, and by the efficlency of the inlet diffuser. Theése pressures snd
temperstures, as funections of flight speed and altitude, are shown in figure 129
for the NACA standerd atmosphere and for practical values of diffuser efficlency.

It can be seen that very wlde ranges of combustor-inlet temperatures and pressures
mey be encountered over the ranges of flight velocity and altitude at which ram Jets
mey be operated. Combustor-inlet temperatures from 500° to 1500° R and inlet pres-
sures from 5 to 100 pounds per squere inch absolute represent the approximate ranges
of interest in current combustor development work.

8ince the ram jet has no moving parts 1in the combustor ocutlet, higher exhsasust-
gas temperstures then those used In current turbojets are permissible. Therefore,
fuel-gir ratios equivelent to maximum rates of air specific impulse or heat release
can be used, and, for hydrocarbon fuels, this weight ratio is sbout 0.070. Iower
fuel-alr retios down to sbout 0.015 may also be required to permit efficient cruilse
operation. This fuel-alr-ratio renge of 0.015 to 0.070 used in ram Jets can be
compered with the fuel-alr ratlios up to 0.025 encountered in current turbojets.

Ram-jet combustor-inlet velocities range from 150 to 400 feet per second.

Thege high linear veloclities combined with the relatlively low pressure retios ob-
tainable in ram jets require thalt the pressure dror through the combustor be kept
low to avold excessive losses in cycle efficliency. It has been estimated that, for
e long-renge ram-jet engine, an Increase in pressure loss of one dynamic head would
require a compensating l-percent Increase in combustlon efficiency. Therefore, com-
bustor pressure-loss coefflclents (pressure drop/ impact pressure) of the order of 1
to 4 are found in most current engines.

The operating conditlons described impose major problems in the design of steble
and efficlient ram-Jet combustlon systems. This chapter presents a survey of ram-Jet

combustor research- and, where posslble, points out ecriterila that may be useful in
the design of ram-jet combustion systems.

EXPERTMENTAT, METHODS
Data Sources

Rem-jet combustor performence data have been obtained 1n connected-pipe, free-
Jet, tunnel, and flight tests. A connected-pipe facility (e.g., ref. 1) conslsts of
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& subsonic diffuser, s combustion chamber, and an exhsust nozzle connected by suitable
ducting to air supply and exhaust pumps. A free-Jet test installation (e.g., ref.

2) consists of a ram-jet engine complete with supersonic diffuser installed d.own-
gtream of a supersonic nozzle. In subsonic or supersonic tunnel tests (e.g ref.

3), the ram-jet engine has been installed either directly in the main air stream or
downstreem of a connecting alr supply duct. Ram-jet-combustor data have alsc been
obtained with engines attached to subsonic aircraft {ref. 4}, with free-falling
engines dropped from high-flying slrcraft (ref 5}, and with engines launched by
rocket power (ref. 6).

Date Reductlion Methods

Combustion efficlency, one of the most important performasnce parameters for
evaluating ram-jet combustors, is defined as the ratio of the actual enthalpy rise
across the combustor to the theoretical heating value of the fuel., Combustion-
efficiency data for a ram-Jet engine are difficult to obtain directly from inlet and
exhaust-gas temperature messurements because of the high exhaust-gas temperatures.

For thie reason, indirect methods have been evolved whereby cowbusilon-chamber pres-
sures, engine thrust, or heat-balance measurements are reduced to give combustion
efficiency. For applicetions where thrust messurements are obteined, ram-Jet perform-
gnce is usually expressed in terms of impulse efficlency, which is defined as the
ratio of actual to theoreticsl specific impulse.

Pressure method. - In the pressure method, the increase in momentum of the
gaseg flowing through the combustion cheamber ig determined by means of total- and
static-pressure measurements. Thege pressures can be related to the temperature
rise across the combustor by the following compressible-flow equation (ref. 7):

2al
p5‘(“-5g Tst,s(rav + 1)

Ty = Z R (1)
(vg + wp)
where
A aree
g accelerstion due to gravity
P ptatic pressure
R gas constant
T total temperature
W welght flow
T gpecific-heat ratio
Yoy 8verage speclfic-heat ratic between static and tobtal tempersture at exhaust-
nozzle throat
Bubscripts:
a air
£ fuel



NACA RM E55G28 o 245

st static ;
4 conmbustor outlet
5 exhaust-nozzle throsat

Equation (1) is based on a choked exhaust nozzle where the Mach number Mg is 1
end the temperatures at the combustor cutlet and at the exhaust-nozzle throat are
assumed to be equal. This equatlon 1s rendered more exact if the nozzle throat area
18 corrected by a discharge coefficient.

Exhaust total-pressure measuremente are also used to determine combustion effi-
ciency directly without calculatlion of exheust temperatures by defining combustion
efficiency by the relation (ref. 8)

we G @
where

tfa fuel-air retio

(£/a)*' ideal fuel-air ratio that would produce seme burner total pressure as
actual fuel-air ratio

Ty combustion efficiency

The calculation of (f/a)' is based on the fact that eir flows for burning and non-
burning conditions are the seme for an engine with a diffuser operating supercriti-
cally. Thus, total pressure at the nozzle throst for a choked exhaust nozzle is
calculated by compressible-flow equations similar to equation (1. By assuming no
change in total pressure and tempersature between the combustor outlet and the nozzle
throet, the ratio of total pressures for burning and nonmburning conditions 1s ob-
tained (refs. 8 and 9):

T+l
P (T*'l U
4,b - 4,b kl + _wi) 2 r Ho (3)
Pe,nb To ¥a T+

e,

where

P total pressure

Subscripts:

b burning

nb nonburning

0o free ‘stream

From messured values of Pé,'b/Pé,an Ty,p 18 calculated; (£/a)' 1is computed from

tables of ideal combustion temperature as a function of fuel-air ratic. Efficien-
cies are then calculated by means of equetion (2).
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Thrust-measurements method. -~ Combustor exhaust total temperaturgs are aleo
calculated from Jet-thrust measurements in wind-tunnel installations where engines
are mounted on thrust balances. The exhaust-nozzle total temperature, essentially
equal to combustor-exhaust total temperature; is computed by the following energy
equation derived in early NACA work:

2 - - - 2
I, -1 - PgAF - PzA-(pg pg) T A(pg - pg) 2 (a)
gR(vy + wp) gR(wg + Wg) ZgJ(cP)S(wa + wg)

where
(cp)5 constant-pressure speclfic heat st exhaust-nozzle throat

F Jet thrust

J mechanical equivalent of hest

Combustor efficilency is then calculated from the exhaust-gas temperature in the
same way as described for the pressure method. ’

Heat-balance method. - Combustion efficiencles obtained by the pressure and
thrust-measurement methods are only close epproximations to true chemlcal combustion
efficiencies if these efficiencles are defined as ratios of actual to ideal tempera-
ture rise or a8 ratios of fuel-alr ratio (eq. (2), e.g.). An exact combustion ef-
ficiency is defined as a ratio of actual to idesl enthalpy rise. A method of
obtaining this true combustion efficiency involves the use of & water quench spray
at the nozzle exit. The temperature of the resulting steam-exhaust-gas mixture is
measured at a station sufficiently past the spray to allow complete evaporation of
the water. From enthalpy values corresponding to this measured temperature, combus-
tion efficlency is determined by the following heat-balence equation (ref. 1Q):

n =(AEW+AHe+AEJi) (5)
b h(£/a)

where - . . B

n lower heating value of fuel

AH enthalpy rise

Subscripts:

e exhaust gases

J cooling-jacket water

w guench water for exhsust gases

Equation (S) is used foir fuel-alr mixtures leaner then stoichiometric. For mixtures
richer than stoichiometr:l.c, the enthalpy rise of exhaust gases AHe is determined
from

Mg = AHg + [(£/8) 5o - (2/8) ] [(1)Ty + (g (Te - Ei)] (8)
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where

(cp) mean constant-pressure heat capacity of fuel
m

L, latent heat of vaporization of fuel
Subscripts:

ac actual

1 inlet mixture

8 stoichiometric

FLAMEHOIDER AND COMBUSTEON-CHAMBER GEOMETRY
Genersgl Conslderations

The problem encountered in ram-Jet combustors 1e that of inltiating a steble
flame in a fuel-agir mixture traveling at velocities as high as 800 feet per second.
This stabilization can be accomplished by placing a bluff body such as a rod or disk
in the gas stream. A flasme inltiated in the fuel-alr mixture attaches itself to the
eddy reglion behind the bluff body, and this stgbllized flame serves to lgnite the
oncoming fuel-alr mixtures. The subject of flsme gtebilization by bodlies wilthin the
gas stream 1s covered in chapters IV to VI, and this chspter is concerned only with
the dlrect ram-jet—-combustor appllicetions of fleme stebilization.

The simplest type of flemeholder ls a baffle plsced at a single plene normal to
the gas flow. Baffles may take the form of rods, disks, cones, or combinations of
these. More advanced baffle designs consist of U- or V-shaped gutters with the open
end facing dowvnstream, arrenged singly or ln anmmnler, radlal, or grid-like plensr
combinations (fig. 130(e)}.

Ram-jet flameholders are ealso designed in three-~dimensional forms in which the
axiel dlmension of the flemeholder 1s appreciable. A gutter-type flameholder may be
constructed with axial sloping gutters to form a three-dimensionsl flameholder
(fig. 130(b)). A refined type of three-dimensional flameholder of wide use is the
conical can where the flameholder consists of e conical surface perforated to allow
the desired open flow area (fig. 130(c}).

Integral piloting syetems sre often used to assist flameholders in meintaining
combustion under adverse cohditions. The pllot creates the low-velocity region for
stable combustion by channeling e small portion of the combustible mixture into s
relatively lerge flow passage. Pilots are frequently conbined with simple-baffle
flameholders or with three-dimensional flemeholders.

A number of other flameholder designs have also been investigeted in ram-Jjet
combustors. Immersed-surface types in which plates or hlades have been placed
downstream of a gutter flameholder directly in the flsme zone have been employed
successfully. Some work has been done with types that have the fuel-injection and
flemeholding systems combined in one unit.

The following section does not aim to select one of those general types of
flameholder as being superior to the others. In general, flameholder research has
aimed at perfecting each of the varlous types of flameholder for 1ts own specified
purposes reather than In competing one type sgainst another.
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Simple-Baffle Types

Stebillty limits. - Some information concern